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NOTATION

Engiish Lettér Symbols

a radius of probe

A area

Acol area af collector disc

As area of sheath

B ‘magnetic induction

c ' local sonic speed
) thermal velocity

d radial distance

pafa diameter of parachute
D diffusion coefficient

e electron charge
E;, Eb unit vectors (Figure 11)

E electric fleld

f dimensionless stream function

g stagnation point inviscid flow velocity gradient
1 | current to the probe's collector disc
i current density
jr random current density
k Boltzmann's constant

1p characteristic length

L diameter of probe |

nob characteristic length-of mobility

Lp ' length parameter of the probe
Lr _ length parameter of the return electrode



English Letter Symbols (cont'd)

m particle mass
M Mach number
n " number density
N neutral gas density
P neutral gas pressure
q flow velocity vector
r radial distance
R radius of probe
‘ Rcal registance of the calibration resistor

Rd diffusion Reynolds number
Re Reynolds number

2
Res =-E%“
R, -gﬁg

i

8 o transformation.independent variable
5 sheath thickness
Sc Schmidt number
T temperature
u flow velocity in x direction (Figure 4)
v, - viscous boundary layer edge Gelocity in x direction
[ free stream velocity
v flow velocity in y direction (Figure 4)
V3 drift velocity
vy particle veloccity in the plane perpendicular to B
v electrical potential | ‘
Vs plasma potential
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English Letter Symbols (cont'd)

Vf floating potential

w _ diffusive flow velocity

X, ¥ | coordinates (Figure 4)

2 number of electron charge

(Af/At)cal slope of the preflight calibrati@n ramp

.(ﬁf-,At)data slope of the in-flight data waveform

Greek Letter Symbols

L
8 It
D
e
8 boundary layer thickness
A dimensionless sheath thickness
. S
T
e
n viscous boundary layer coordinate
Y radial distance
Y. Larmor radius
g angle (Figure 11)
n
A - —
‘ n
20
AD Debye length
ES*D mean free path for neutral-species s collisions
T mobility
v kinematic wviscosity



Greek Letter Symbols

Subscripts

A

cal

electron-neutral collision frequency

" neutral gas density

conductivicy

w

dimensionless electrical poténtial due to applied

field

dimensionless electric potential due to space

charges

dimensionless stream function

dimensidnlesa electric potential

evaluated at the outer edge of the convection-

mobllity dominant region

evaluated at the immer adge of the convection-

mobility dominant region

evaluated

refers

refers

refers

refers

refers

to

to

to

to

to

evaluated

evaluated

at the inner edge of the mobility layer
electron

electron

ion

neutral

specles s

at the probe surface

at the outer edge of the collisionless

surface layer
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+ refers to positive ion
- refers to negative ilon |
o evaluated at the free stream state
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ABSTRACT

Blunt probe theory for subsonic flow in a weakly ionized and
collisional gas is reviewed, and an electron collection theory for
the relatively unexpiored case, AD/L ~ 1, which occurs in the lower
ionosphere (D-region), is developed.

It is found that the dimensionless Debye length (Ap/L) is no
longer an electric field screening parameter, and the space charge
field effect can be'neglected. For ion collection, Hoult-Sonin theory
is recognized as a correct description of the thin, ion density-—
perturbed layer adjacent to the blunt probe surface.

The large volume with electron density perturbed by a positively
biased probe renders the usual thin boundary layer analysis inappli-
cable. Theories relating free stream conditions to the electron
collection rate for both stationary and moving blunt probes are
obtained. A model based on experimental nonlinear electron drift
velocity data is proposed. For a subsonically moving probe, it is
found that the perturbed region can be divided into four regions

with distinct collection mechanisms. Since A, > L/¢w, the diffusion

n
layer concept is irrelevant for electron collection, and is replaced
by a collisionless layer. The electron current expressions for both
stationary and moving probes are found to be approximately identical.
The electron demsity predicted by this analysis is lower in magnitude

than the earlier calculations below 60 km, and is found to be higher

above this altitude. This continuum theory is valid up to 80 km.

xv
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CHAPTER I
INTRODUCTION
1.1 Prefacé
The ionosphere is the region above -the éérth's standard atmosphere
where ions and electrons are dense enough to affect the propagatidn of
radio waves. The symbolé D, E, F1 anleZ, aé shown in Hgure 1, are
used to distiﬁguish‘its various parts. The present work is copcerned_
with probing the composition of D-region, the ldwest part of the icno-
sphere.
The D-region, characterized by its relatively high ambient neutral
gas density and the presence of the negative ions, extends nominally

from 50 km to 80 km in altitude. In the pursuit of a better under-—

standing of the chemical composition of the ionosphere, the D-region

_has been energetically explored by various aeronomy groups. Typical re-

cent investigations have qonsidered tﬁe proncunced diurnal variation of

the D-region ionization in Winter (1), sunrise effect on the D-region

. photochemistry (2), and the relationship of the D-region absorption to

stratosphere warming (3).

Both ground-based and rocket-borne propagation experiments have
been used for the experimental study of the D-region. However, such in-
vestigations give only a measurement averaged over a large volume of the
medium being studied (4). As an example of the alternative, local mea-

surement by flying a Gerdien Condenser probe subsomically and supersoni- .

cally (5) has been attempted. The electron density can be obtained from

conductivity (0) measurements in standard fashion: g = neoez (2 mé%?nl,

where L3N is the ambient electron density, e 1s the electron charge, m,
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is the mass of electron, and Qe‘is the electreon collision frequency.
Conductivity is measured by applying a small voltage across a suitable
electrode system (e.g., the Gerdien capacitor arrangement), and mea-
‘suring the resulting currents. Beginning for a zero voltage reference,
the voltage-current.charactefistic shows a slope proportionalito the
charged particle mobility. At high electric\fields, where all the par-
ticles entering are collected, a saturation would be exﬁected; however,
in some cases, no saturation region was found (6) for reasons which are
not clear. Also, thisrtype of device 1s aspect sensitive and the effect
of shock waves produced needs further investigation.

The local charge density can also be found by measuring ihe current
to an electrostatic probe. Basically, an electrostatic probe is merely
a small metallic electrode (a wire or a surface) inserted into a plasma
(ionosphere), By biasing the probe potential‘positive and negative re-
lative to the plasma, and measuring current collected, one can obtain
information about the conditions in the plasma, However, the presence
of the probe in the plasma perturbs the local composition and to relate
the current collected and ambient condition is a fairly difficult under-

taking. This task 1s the goal of the present work.

1.2 Subsonic Blunt Probe

The standard D-region ion and electron collection subsonic electro-
static probe theory and instrumenta;ion were presented b& Hale and
Hoult in 1965 (7). The actual experiment employed a parachute-borne
blunt electrostatic probe which was flown by a méteorological rocket,
ejected, and descended from 30 km to 45 km with an average terminal

speed of 100 m/sec. The voltage-current characteristics relates the



current collected to the ambient charged particle density. This simple
device has the advantage that its planar configuration is easy to con-
struct, and the probe being facing earthward and covered by the para-
chute above is shielded from solar radiation. The subsonic blunt
probe systen is better than a supersonic probe, because'the latter can
drastically affect the composition of the medlum through shock waves
which are yaw-dependent.

In addition to earlier blunt prqbe data, another eleven rockets
have recently been fized by the Icmospheric Research Laboratory in The
Pennsylvania State University over the period of October 1971 to
February 1972. With such 2 body of experience, it is reasonable to con-
clude that the experimental technique has been thoroughly examined and
well understood. The interpretation of electron collection data, how-
ever, requires further investigation (8), and will be the primary con-
sideration here.

The intent of the present work is to critically review past D-
region subsonic blunt probe theory for ion collection (negatively based
proba), aﬁd to find a new analytic electron collection theory (posi-
tively biased probe). This new theory will then be used to interpret

the available blunt probe data.



CHAPTER II
REVIEW OF RELATED FROBE WORK

2.1 Fundamental Concepts

It is appropriate to begin with a discussion of the general re-
sponse of a plasma in the présence of a statlonary biased probe. A
- typical current-voltage plot is given in Figﬁre 2. The general shape
of thé curve, but nof absolute values, is relatively the same for var-
ious probe geometries at different flasma pressurea. The probe ié at
the same potential as tﬁe plasma at the point Vs. There is no poten-
tial difference betwesen the probe and plasma at this ppint, and the
charged particles migrate to the probe at thermal velocity. Electrons,.
being faster; are the dominant contributor of the current collected by
the probe. |

When the probe is made positive relative to the plasma, electrdns
are attracted while ions are repelled. Therefore, near the probe sur-
face that i1s an excess of negative chérge, which builds up until the
total charge 1s equal to the virtual positive charge on the probe.
“(Notice that this phenomenon will happen only when the density of the
charged particles in the plasma is dense enough.) This layer of
- charge imbalance will shield the rest of the plasma from the influence
of the probe. This region, where most of the potential drop occurs,
is called the sheath. The electron current is that which enters the
aheath through random thermal motion; and since the area of the sheath
changes little with the probe potential, the prdbe characteristic hers
(portion A) is more or less flat. This is called the region of satu;a—_

tion electron current.
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If the probe is made negati&e relative to VB, electrons will begin
to be fepelled and lons acceleréped. The electroﬁ current falls dras—
tically as Vw, the probe potential decreéses. This rgginn {portion B)
is called the retarding-field regioﬁ:of the characteristic. Finally,
at.point Vf, called Fhe floating ﬁotential, the'proﬁe is sufficlently
negative to repel ﬁll‘éleétrons e#pept a fluk'equal'fa the flux of icms,
and, therefore, drawé no ;et current. At lafge negé;ive-values of'Vw,
all electtﬁns are repelled and an ion shé#th 1s formed on the probe sur-
face. The current collected is ﬁhe gaturation iqn current {portiom C).

| The ;hiqkness of the sheath is an index of the effectiveness'of
the plasma shielding effect, and is measured to be typically on the or-

der of a few Debye lengths, A_; this parameter is normally drawn from

D
an analysis when the body is stationary and its size is reduced to zero
(9). Electric field distribution inside the sheath is governed by a
Poiéson equation. When the charge density igs sufficiently low and
applied potential is high enough, the space charge‘effect can be ne-
glected and the sheath per se can be said to no longer exist. Theory
based on this aﬁproximation is referred to as the zero space charpe
theory.

The exact relationship between the plasma parameters and the probe
characteristic depends on the geometry of the probe, and the relative
magnitudes of the collision length, the probe dimensions, and the Debye

length. Clearly, the probe characteristic of a moving probe will differ

from that of & stationary probe.



2.2 Theories Including Space Charge Effect
2.2.1 Stationary Probe

For the case of low pressurs, the interaction problem of &
statlonary electrostatic probe was first treated in detail by Mott-~
Smith and Langﬁuir, iheir golution can also be found in Chen (10).
They assumed that the sheath layer surrounding the probe can be
approximated by one which has a sharp outer edge, outside of which the
potential is that of the plasma. When the sheath is thin compared to
the probe radius ()\D<<R)9 every attracted charped particle that enters

the sheath will be collected, and current is given by

r' s (2.2.1)

where AS is the area of the sheath, jx is the random current density
crossing a unit area in one direction. For a Maxwellian velocity dis—-

tribution, this is given by

noE (2.2.2)

j =]

T

i

where ¢ is the random velocity of the attracted particles, D, is its
aumber density outside the sheath, Hotice that jr depends on n, which
is uvsuvally unkmown, while As changes with different probe potential for
a cylindrical or spherical probe. TFor a planar probe, Aé is a constant
(see Eqs. 29, 30 and 31, p. 127, rvef. 10).

Hhen the sheath is thick compared to probe radius (AD>R},
net all particles entering the sheath will hit the probe because of the
possibility of orbital motions. The law of conservation energy and |

engular momentum have to be included in the analysis. It was found that



. 1/2
the saturation electron current varies with VW for spheres and as Vw /

for cylinders (Eqs. 52 and 53, p. 130, ref. 10); it does not change for
planes since no orbits are possible and the sheath areanis again con-
gtant.

The Langmuir theory mentioned above has two limitations.
First, the collisibn length bétween the attracted charged particles and
the neutrals must be‘larger than the sheath thickness or the probe
radius, which ever is shorter. Otherwise, in the presence of collisions,
the probe current will aepend also on the transport coefficients of the
plasma (e.g., diffusion coefficient). Second, the probe current is
solved 1In ?erms of two unknowns, the ambient number density of the
attracted charged particles and the sheath thickness. There is only
one unknown (no) in the thick sheath case (10). In the thin sheath
case, the sheath thickness has to be determined independently. This
problem was solved by Bettinger and Walker (11) for a spherical probe.

In that case, the nondimensional sheath thickness (A) was given by

A=0.83 p1/3 ¢w”2 (2.2.3)

¢ = eVﬁ

- .
&®T (2.2.4a)
R

ps =1 -J—\-;)—- (252-4]’)
s .

A =.X; (2.2.4¢c)

where S is sheath thickness, AD is the Debye length, R is the probe
radius, Vw is the probe potential, e is the electron charge, k is the

Boltzman constant, and T is the temperature of the attracted particles.
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At high pressure, the first limitation mentioned above re-
lating to collisionless sheath is not satisfled. Here, the minimum
practical probe radius (so that the probe will not melt) and the sheath
'thickness are both larger than the mean free path for the attracted 7
particle-neutral collisions. Su and Lam (12) solved this problem and
developed a continuum theory of a stationary spherical electrostatic
probe. Foxr the Debye length much lesslthan the probe radius (thin
sheath), their analysis identified four distinet regions, they are:
ghe quasi-neutral, the transitional, the ion-sheath, and the ion-
diffusion region. In the latter two regions, the Boltzman electron
density distribution is not a valid description; as it was shown that
the effects of electrons in these reglons are completely negligible°

For probes of more moderate size compared to the Debye
length, Su and Lam present a numerical solution. To remove an insta-
biliry 4in ;he numerical integration, a third order term which was re-
sponsible for the existence of the fon-diffusion layer was neglected.
The error introduced was estimated to be of order of Te/Ti which 1s
generally very small in mapy plasmas. In the D-region, however, TefTi
i8 of order unity. Cicerone and Bowhill (13) in thelr attempt to find
a8 continuum probe theory in the D~region, repeated the numerical inte-
gracion with the third order term mentioned above included. The result
shows that the approximation introduced by Su and Lam appreciably affects
the V-C characteristic of the probe.

In the transition regime (intermediate pressure), Talbot and
Chow (14) gave an approximate analytic analysis of the effects of colli~

sions on ion satuvation and electrom current for both cylindrical and
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spherical negatively biased probes. This was accﬁmplished by using the
Bernatein-Rabinowitz (15) and Laframboise {16) results and the Su~-Lam
(12) and Cohen (17) results to evaluate certain integrals which appeared
in the analysis in the collislonless and qontinuum limits, respectively.
They then use an interpclation formula to span the transition regime
between these limits. Theif results have been found to compare favor-

ably with experimental results (14).

2.2.2 Moving Probe

The superpésition of a directed plasma motion toward a probe
will destroy the symmetry of the plasma sheath with respéct to thé proba,
The electric field of the sheath will no 1onger be a central force s&s—
tem. This undesirabie feature allows solution only in very special
cases.

Again, treatments for a moving collisional probe and a mov-
ing collisionless probe are completely diffe;eni. By a collisional
probe, one means that Ks_n<<L, where As—n is the mean free path for
species (s) - neutral collisions, and L is the characteristic length of .
the probe. This, of course, also includes the case where there is a
collisionless sheath on thg probe surface with a cellisional region out-
gide. A collisionless probe implies that ls_n>>L. Notice that this
does not include the possibility of having a viscous boundary layer of
the neutral flow since usually ln”n<<l s-n’ where An—n is the neutral-
neutral mean free path. However, the fact that As*n>>L implies that the
effect of the neutrals on the species (s} is small, the viscous bound-

ary-layer effect on the charged particles do not have to be considered.
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Using a wave mechanical approach, Chmielewski (18) solved
the collisionless slowly drifting, spherical (both positively and nega-
tively bilased) probe problem by a perturbation method. The speed ratio
{E}Ei) is used as the small perturbation parameter, The result shows
that only a small effect on the stationary probe characteristic is ex-
pected when a slow plasma drift is imposed {19). Physically, this is
reasonable, since the electrostatic field effect on the sheath struc-
ture is large compared with a small flow perturbatfon. Also the cur-
rent collected by the sphere is the average of the current to the up-
stream and downstream sides of the probe; the local currenﬁ perturba-
tion on both sides tend to cancel each other.

For the case of a collisional moving probe, a brigf Teview
of the present knowledge on this subject 1s as follows. TFer an ion
collecting (negatively biased) probe moving in a collisional medium,
teo important parameters are involved. They are the nondimensional
Debye length (AD/L) and Reynolds number (Re), where

1/2, Re = UL vwl, and v 1s the kinematic viscosity

Ap = IKT /G4mn_ e®)]
of the neutral gas. These two parameters are associated with the rele-
vant highest order deriﬁatives,(this will be shown in a later chapter)
in the system of governing-equationsn It is, therefore, logical to ekf
pect that there will be two singular perturbations in the problem: ome
for the viscous layer, associated with the Reynolds number, Re, and an-
other for the sheath, associated with the Debye length parameter ADIL,
The nature of the problem depends on the relative ordering

1/2

of these two parameters. When ADL*l << Re <<1, physically the in-

equality implies that the sheath is thin compared with the viscous
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boundary layer. This allows neglecting ;onvection within the sheath.
The resulting‘ion flow in the sheath can be treated as one dimension-
al, which is crucial insolving the sheath equation. Also, this con-
dition will automatically only allow a méﬁerate‘probe potential.to be
considered, since‘a strong pfqbe potentiél will give a thick sheath.
When the iﬁequality is not satisfied, the sheath‘can be thick and the
problem of convection within éhe sheath has to be #roperly taken into
conslderation. |
First, the case when the sheath is imbedded inside the vis-

cous boundary layer (RDL-l << Reml/2

<< 1) will be considered. Talbot
(20) developed a theory for a collecting electrode placed at the stagna-
tion point of a blunt body immersed in a supersonic partially ionized
stréam. He assumed a thin collisionleés sheath inside the viscous
stagnation boundary layer. Inside the sheath, the current density is
given by the Langmuir probe theory. Outside, the ilon-electron pairs
diffuse together relative to the neutral gas. The behavior here is
governed by an equation consisting of an ambipolar diffusion term (to be
~discussed lgter) and the convection term.

When there are a considerable number of collisions inside
the sheath, Lam (21) developed a continuum, incompressible analytic
splution to a blunt probe in a plasma which consists of positive ions and
electrons. He assumed that the viscous boundary layer thickness (Re)ml"2
is much largef than the sheath thickness (AD/L). Qutside the electrice
boundary layer (a layer where electrical effects are dominant) and which

is assumed to be of the same order of thickness as the viscous boundary

layer, the number density of the charged particles is unperturbed.
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Inside, it is further split up into two layers. The upper inner layer
is an ambipolar diffusion layer where a qﬁasi-neutral conditions

(ni = ne) holds. Here, physically the slower ions retard the diffusion
of the electrons by setting up an electrostatic field. Thus electrons
and ion diffuse togethexr; this is cailed the ambipolar diffusion. In'l
the lower inmer léyer9 adjacent to the probe surface, free diffusion
and field effects are dominant. Clesed form analvtical results were
obtained for the floatigg.potential and the current—-voltage character-

isrde. It 1s interesting to compare the sheath thickness, 5, found in

Lam's work (S n 61/6 ADZ,B, where € = Ti/Té) to that found by Bettinger
and Walker {11) for a collisionless stationary probe
: aVy
(8 = 0.83 X 2/3 $ 172 R1/39 where ¢ = —Y and R is the probe radius).
D W W kTe

The sheath thickness in two case bears the same relationship to the De-
bye length.

Lam's theory was extended to plasma consisting of positive
ilons, electrons and negative ions by Touryan and Chung (22). They con-
cluded that only when the temperature of the electrons and the ions are
the same can the sheath equation can be nuﬁerically integrated. The
solution found for a flat plate shows that the electron saturation cur-
rant Is suppressed by the‘presence of negative ions while the positive
ion saturation current iIs slightly increased. For a higher negative jion
mobility, the above effects are increased.

The difficulty of unequal electron and ion temperatures was
solved numerically by Bailey and Touryan (23) for a flat plate. Results
were obtained for both electron attracting and retarding fields over a

larger range of applied probe potentials. By working with the governing
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equations for the entire region father than two sub~regions (ambipolar
and éheath),cnuacoqld minimize problems in numerical instabilities (in
computing the sheath) and avoid the cumbersome task of asymptotic match-
ing of two regions with two or more parameters. Thé results show that
for Té/T1 > 1, the Qheath plays a much greater role in determining the

ion saturation current than when the flow is in thermal equilibrium with

Secondly, the case when the sheath is not thin compared to
the viscous boundary lajer is considered. Johnson and DeBoer (24) de-
veloped a theory for the electric boundary layers that form on flat-

- plate and cylindrical probes.aligned parallel with a high speed flow,

when the probe potential is large and negatife; They assumed that the

1/2

nondimensional potential (¢w) and the parameter, Ri'(¢w) were in-

1

finitely large, where Ri = A , and D, is the ionic diffusion co-

| p P1 1
efficient. This assumption makes it possible to neglect derivates
with respect to flow direction, compared with corresponding derivatives

with respect to normal direction, y. The expression obtained for the

sheath thickness (S) at sufficlently far downstream of a flat plate 1s

S - c%alj& L 174 A M2 p WL 112 (2.2.5)
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Thus the sheath thickness varies with AD

(x1/4

> grows further downstream
) due to the iom supply by convection, and it is also a function

/2 since ¢w is large in the present

of the nondimensional potential ¢w1
case. The sheath thickness for the cylindrical probe cannot be explic-
itly expressed. The numerical solution shows that for given flow con-

ditions and electrode potentials, the flat plate sheath is thicker than
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the equivalent axisymmetric sheath. This {s due to the better shield-
ing of the cylindrical case which results from the convergence of the

ion streamlines on the probe.

2.3 Theories with No S5pace Charge Effect

Hoult (25) derived a continuum subsonic probe theory for the D-
region where the charged particle density is vexry low. He made two
physical assumptions. The first is that the charged particle density
of the plasma is low enough that the space charge electric field is
small compared with the applied field. The field then is simply the
electrostatic field in a vacuum. This condition decouples the species
conservation equations and allows each species to respond independently.
Paired diffusion (ambipolar diffusion) naturally no longer exists., He
further assumed that the convection term to be completely dominant un-
til wery near the probe surface. It was concluded that the charged
particles density is perturbed only very near the wall; this layer was
called the diffusion layer. Inside the diffusion layer, the free dif-
fusion term and the mobility term govern the dynamics of each species.
For a collecting disc, the positive current to a highly negatively

- blased probe was given by

1

Rdi

e
— 2. 2. Tw
;¢ = (en+0 Uwnr ) QE) QEﬁ; (2.3.1)

where n, is the free stream positive ion density, U 1s the free stream
veloecity, Vw is the probe potential, Rdi is the ionic electrical Rey-

nolds number (ﬁLD;l), and b, is the iondic diffusion coefflcient. A

i
similar result is obtained for a highly positively biased probe.
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.Sonin (26) accepted the first assumption of Hoult, discarded ﬁhe
second, and did a complete analysis for iom collection of a supersonic
rocket-borne blunt negatively biased pro%e. The details will be de-
scribed in Appendix A. In two extreme c;ses, strongly attracting
field and weak field, the current expression 1is 1déntica1 to the ex-

pression derived by Hoult for the subsonic probe at a high electric

fieid.

2.4 Discussion

The review of the above theories leads to the conclusion that—tﬁe
solvability of the above mentioned plasma-probe interaction problems
depend on two factors: the probe geometry, and the ability to predict,
at least the order of magn;tude of, the physical guantities like 'Ie
and Neo in the neutral plasma even before the problém is solved.

With the simple geometry like Wélker and Bettinger's stationary
collisionless spherical probe (11}, Chmielewski's slow1§ drifting col-
lisionless spherical probe (18), and Bailey's moving collisional infi-
nite planér probe (23), all the physical quantites depend only on one
coordinate (radial dis;ance {r) for the former two, and the boundary
coordinate (n) for the last case). This simplification allows a com-
plete numerical solution without making any assumption.

When the geometry is not simple, a prior knowledge of the order of
magnitude of the physical quantities in the neutral plasma is required.
This is explained as follews. In the sheath-edge approach, the Debye
length, the usual sheath thickness representative length scale, is

needed to determine whether the sheath is thin (space-charge limited)
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or thick {orbital limited), and whether the sheath 18 collisional or
collisionless, so that the cofresponding treatment is used. On the
other hand, when a boundary layer analysis is possible and used, the
ordering of the relative parameters (lD, Re, Rd) also require the know-
ledge of the Debye 1e’ngth° A prior estimation of the plasma‘s physi-
cal quantities is needed to determine the size of the Debye length.

With the.nondimensional probe potential (¢w), much smaller than
unity or with local thermodypamic equilibrium (27), the sheath thick-
ness for a collisionless Infinite planar probe and spherical probe is
well represented by the Debye length (28). ~Local thermodynamic equili-
brium means that sufficient collisional interchange of kinetic energy
takes place over a length that is small as compared with the local
linear scale of field and medium. Thus Talbot's (20) collisionless
sheath thickness can be represented by the Debye length only when
¢W << 1. For a moving collisional probe, one can generally expect that
the sheath thickness will not depend on the free stream velocity unless
the sheath is thick compared with the viscous boundary layer. In geﬂ—
eral, the sheath thickness 1s a function of the free stream veloéity,
E; the probe potential, ¢W, and the Debye length, KD.

For a moving blunt pfobe operating in the D-region of the ionos-
phere, the analysis of Lam {21), and Touryan and Chung (22) cannot be

e (rey M2

used, simply because the assumption ADL- is not satisfied.
The neglect of the convection term in Hoult's zero space charge theory
needs further justification. Hoult's tactful assumption that the per-
turbed region 1s confined to the thin diffusion layer, which 1s crucial

for the application of his boundary layer analysis, is queétionable_in



19

general. For ion collection, Sonin's analysis included the convection
term; and seems to be a more complete formulation of the problem., How-
ever, the absence of any sheath allows the electric field to extend a
large distance from the probe surface. Regarding the present problem,
this fact, together with the electron's small mass and high mobility,
can.be expected to result in a large effective collecting surface far
away from the probe for electrons. Such an approach results in a large
perturbed region, and an analysis completely different from Hoult's will
be required. It is interesting to note that few laborator& experiments
have been conducted for electron collection in a collisional plasma.
This is simply due to the difficulty that a positively biased probe will
greatly disturb the small volume of plasma generated in the laboratory.
Before proceeding with the solution of the problem at hand, it will
be noted that a complete review of the electric probe theory has recently
. been made by Chung, et al. (29). They systematically discussed the past
probe theories in continuum, transitional, and collisionless regime.
Thelr work should be referred to for a better understanding of the pre-

sent state-of-the-art of electric probes.
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CHAPTER II1
BASIC PARAMETERS AND EQUATIONS FOR A D-REGION BLUNT PROBE

3.1 The Composition of the D-Region

The charged particle constituents in the D-region are of interest
here. In the normal day time D-region, the primary positive ions were
theoretically expgctéd to be N0+, 02+, and N2+ {30). The N2+ ion can
be removed very rapidly by charge exchange with 02 to forp 02+, which
in turn charge exchanges with NQ to form N0+. Thus NO+ was suspected
to be dominant in the D-region. However, recent in situ measurement
(30, 31) of the D—regiﬁn positive ion composition showed that water
derived ions of mass 19 (H30+), 37 (H502+) and 55 (H703+) predominated
‘below 82 km in the undisturbed D-region, while N0+ and 02+ are the
major ions above this altitude. To account for these hydrated ioms,
attempts to find a chain reaction starting with the primary ions 02
and NO+, leading rapidly to the water clusters are underway. Consid-
erable success in explaining 02+ composition has been made; while N0+
is still under investigation. At present, it is generally accepted that
the hydrated ions are the major positive ions in the D-region (32).

Initially, it was believed that 02- was the principal negative ion,
since D2 is a majdr neutral constituent and N2 does not form a stable
negative ion. Some doubt was introduced, when the early observation of
the twilight variation of the '"polar cap absorption" events showed that
the primary response of the D-region was to UV, rather than visible
;1ght to which 02- will undergo photodetachment. Flowing afterglow
studies (33, 354) led to the conclusion that NO_, and its hydrates should

3

be the dominant negative ion and recent chservation by Narcisi, et al.
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{35), are consistent with this for a normal D-region. The rocket-
borne radio wave absorption experiment by Adkin (36) shows that nega-

tive lons can be neglected above 70 km during the day in the D-region.

3.2 Physical Quantities of the Medium

Three quantities; the mean free path, thermal velocity, and the
témPErature are considered here.

The elastic cross sectlona, 0, listed in McDaniel (37), are used
to compute the mean free path ofAneutral-ion collisions and neutral;

neutral collisions. The lack of data for the hydrated positive lons

+

, 3 this is believed to be a good

(H502+) required the use of ¢ for O
estimatrion since the difference of their masses is small. For the com-
putation of the mean free path for electron-neutral collisions, Ben~

son's (38) expression for the collision frequency of electron in the

D~region is used. The resultant expresslons are as follows:

4
| X s}i_}i_l_{’._ (3.2.1)

(3.2.2)

c
den " BA % 1075 (3.2.3)

where As*n {(cm} is the mean free path of the collision between the
species, s, and neutral, n, N is the neutral gas densi;y (cm_3), p is
the neutral gas pressure (mm Hg, and E; is the thermal wvelocity of the
electron (cm secﬁl). The results are presented in Table 1.

Due to the scarcity of charged particles in D-region, ;ollisions'

between these species are rare. The mean free path, A is estimated

e-i’
to vary between 105 cm to 107 cm in the D-region.

-
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Teble 1

The Mean Free Path of Charged Particles in the D-Region

Altitude The Mean Free Path for Collisionz between

' Electron-Neutral Neutral-Neutral Ion~-Neutral
km om om cm
g0 . 90 2 1.6
80 : 20 236 433
70 , b2 - 082 D67
&0 1.2 024 020
50 - 32 - 0082 0067

40 ‘ .08 - 0032 .0026
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The abundance of collisions between charged particles and neutrals
results in good thermal contact between species. Thqa, ali cﬁarged
particles and neutrals are taken to have the same temperature. The
temperature varies between 200°k to 270°K in the D-reglon. Using an
average teméerature of 230°F, the average thermal velocity, E; which is
defined as [8kT / (‘:Tms)]]'l2 are E; o Ei = 4.7 X 104 cm secﬂl, and
E; = 9.5 x 10° cm secfl, where C is the thermal velocity, subscripts n,
i, and e denote neutrals, ion, and eiectron, respectively.

3.3 Magnetic Field Effect on Probé

The influence of the eérth’s magnetic field on different processes
in a ﬁlasma is characterized by the Larmor radius, Yi0 which is defined
by v, = m Vi (eB) "L, where m_ is the mass of tk: specles, s, and Vi
is the velocity in the plane perpendicular to the magnetic iﬁductiun,
B. When the magnetic field is wesk enough so that the Larmor radius is
large compared to length scale of the plasma region perturbed by the
probe, the current to the probe 1s not affected. On the contrary, when
the Larmor vadius is comparable to or smaller than the relevant dimen-
sions, the current to the probe is affected; Usually, the rms speed

-1)1/2

(3kT n, ia a good approximation for v According to Alpertuet

1s’
al. (39), B is approximatelylo.i Oergteds b;iow 100 km, thus the lLarmor
radlus of electrons and lons are as followa:YLe ~ 1 em, and Tog ™ 200 cm.
For ion collection, both the probe diameter and the perturbed length
acale {which is later found to be L Rd“llz) for a negatively bilased
probe is smaller than Yy s> S0 that the magnetic effect can be neglected,

However, this conclusion is not so cbvious for electron collection

(positively biased probe). Above the altitude 60 km, the Larmor radius
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is shorter than both the mean ffee path of electron-neutral collisions
and the perturbed characteristic length (which is later found to be

: ¢w L (BRd)Bl/g)a thus the electron current process would be expected to
be affected by the magnetic f£ield. Below 60 km, the Larmor radius is
larger than the mean free path of electron-neutral collisions; and it
is questionable that the Larmor radlus 1s still a characteristic
length‘scale in the same sense noted abovej thus this effect will be

neglected here.

3.4 Interaction of a Biased Probe with the D-Region Plasma

A charged body in a plasma attracts charges of oppoeite signj thus,
the net active charge is reduced with distance away from the probe and
this effect leads to screening. The Debye length is gener#lly used to
represent this screening distance, within which the electric fileld is
significant. The usual derivation of the Debye length is outlined as
follows:

Consider a sphere of radius, R, and charge, Zé, at rest with re-
speact to é plasma containing, per unit volume, in its undistributed
state: LI electrons of charge, -e, and ni; = 0., Zi_l iona of charge,
Zie, The potential distribution is governed by the Poisson equation in

spherical coordinates as

18 (29 . 4pe? -
-;{-g- (Y dY} 4Te (Dée 2

ay w+) (3.4.1)

i

where ¥ is the radial distance, V is the potential and ﬂe and n+ are

respaectively the electron and ion density at distance, Y. Now assuming
local thermodynamic equilibrium, the distributisn of particles in the

potential field is given by



25

n, = n.,ex @ | o (3.4.2)
0 = (n_/2) em (-Z;$) (3.4.3)

where ¢ is the nondimensional potential defined as aV/(kT }. For

' Zi = 1, the exponential functions in Eqs. (3.4.2) and (3.4.3) are ex-

pandéd in series. Combining Eqs. (3.4.1 - 3.4.3), Eq. (3.4.1) becomes

| 3 5 .
14 2 & _, 2 av_ 1fev 1 fev_
¥Z &y Y &y .4“3"“e9[2(kTe)+3(kTe) +60(kTe) + }
’ (3.40")
with the boundary cdnditions
Viym ) =0 | (3.4.5a)
V=R =V == (3.4.50)
_ W A4TR e
Conslder the special case when we have
%‘Q;z << 1 | () .

With the exception of the first term, other terms in the R.H.5. of

Eq. (3.4.4) can be neglected and its solution is

e R o172 o -1 |
v v.ﬁY exp [~2 (y-R) AD ! . (3.4.6)
wheré
. ( kTe )1/2 _
AD “ | dme? & (cga) o {3.4.1

eo
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Now, at the distance of one Debye length from the surface, the potential

ia piven by

R 1/2
V(R + XD) = Vw 3 % %P {(~27'%) {3.5.8)

D

Combining the inequality (a) and Eq. (3.4.8), we have

kT

R 1/2
R + AD << evw exp (2

) (b)

The inequality (b) and the local thermodynamic equilibrium are two pre-
requisite conditions for Eq. (3.4.6) to be a valid description of the
potential distribution. To satisfy the inequality (b), it requireé
either the.size of the sphere (R) is infinitesimally small or ¢w << 1

for a sphere of arbitrary size.. According to Upik (27), the requirement
of having local thermodynamic equilibrium over the decay length has a
bearing only for large values of ¢; for small values the state of equili-
brium is irrelevant. It is obvious that the.Coulomb field is essential-
Ly dampéd fbr (y-R }> AD' For this reason, the Debye length 13 used as
the screening distance of a charged body. Assuming the electron num-

3 at 80 km and 100 cm-3 at

ber density in the D~region 1s about 1060 cm
50 km, the Debye length is 3 cm at 80 km and 12 cm at 50 km.

In the D-~region, the éverage temperature of the electrons is
approximately 230°K; this is one order of magnitude less than the plasma
electron temperature (3000°K) usually considered in analysis. With Fhis
low temperature, and the available data on potential at which blunt
probe measurements were made, it is found that the assumption ¢w << 1

cannot be satisfied throughout the D-region. Accordingly, the use of

the Debye length as an indicator of screening (steath) thickness is at
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bhest approximaté here; since the experiment does not meet ;he assump~
tion of the derivation. It is natural, at this stage, to séeculate
that the screening distance will be a function of AD and ¢V. However,
a basic question to investigate, as will be done in sectfion 3.6, is
whether the concept of a screening distance {sheath) is appropriate in
the present problem.

In the study nf-thé t;énsport of the particles to the biased probe
at rest, the coﬁcepts of drift véloéity and diffusion are involved.
For a weakly ionized plasma, each species of charged particles inde~
pendently diffuses through the neutral'gaa. The diffusive motion is re-
tarded by random colliéions with the géa mo}ecules. This diffusive
flow, which due to a gradient-in'a composition, can be superimposed on
other types of flow which might be produced by external fields or by
gradients in the total preséure. The diffusive flow veloclity w is given

by

W= :gg Vn (3.4.9)
where Vn 18 the gradient of the number density, n, of the diffusing
particles,“and Ds is the diffusion coefficient of aspecies s, which is a
joint property of the particles and the medium through which they are
diffusing. |

When an ion moves through a gas under the influence.of a static
uniform electric field, E, the fonic motion consists of a slﬂw uniform
drift in the field direction superimposed on the much faster random mo-
tion. For E/P small and constant, the drift velocity of the ion, VD;

is
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where 1, the constant of proportionality, i1s called the mobility of
the ions.

Now, conslder & cloud of charged particles diffusing through a uni~-
form gas, and we apply an electric field in the opposite direction of a
strengtb to balance the tendency of diffusion. Thus, equating the two
velocities (w, VD) and assuming that the ions are in thermal equilibrium
with gas, one obtains the Einstein relation

‘L,.sf-__
Ds kT (3.4.11)

This relation should not be used indiscriminantly. It.is valid
only for ions at low E/Pglbut not for electrons and iloms at high E/P.
The very capability of the electron to be accelerated rapidly by the
electric field and to lose relatively small energy in elastic collisions,

results in the electron drift velocity no longer being a linear function

of the applied electric field intensity.

3.5 Similarity Parameters

For any probe-plasma interaction problem, the physical proceas is
characterized by a set of nondimensional parameters. These parameters
gre obtained by reducing the governing equations {continuity, momentuﬁ;
energy, and charge conservation) to dimensionless form. For similar
processes, these parameters will have the same numerical values. Only
those pertinent to the present problem are discussed here.

For the neutral pas, the usual fluid mechanical parameters which

appear in the. continuity and womentum equations are the Mach number, M,
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and the Reynolds number, Re. The Mach number is defined aé |vl/e,
where v is the flow velocity, and ¢ is the local sonic speed. For M=o,
the fluid is incompressible, i.e., Ve.qg= 0. 1In fact,'appreciable
effects of compressibility are rarely encountered in a steady state in
which M does not exceed 0.5. (The main exception is free convection,
in which buoyancy is the very cause of the motion.) For a typical
ARCAS rocket payload‘drifting dowm with a parachute drag system, the
free stream velocity, iiis lOO m/sec, L ~ 10 ecm, so the free stream
Mach number, Mo’ is estimated {(7) to be 0,3. Thus in the present case,
the neutral gas flow is effeétively incompressible. The Reynolds.numr
ber characterizes the viscosity and the inertial force and is defined
as Re = VL v—l where v is the kinematic viscosity. For a body immers-
ed in a flow, the reciprocal of the square root of the Reynolds number
is a measure of the thickness of the surface boundary layer where vis-
cosity is significant. This parameter can alsoc provide an indication
of the-degree of turbulence in the boundary flow. In the present pro-
blem, the Reynolds number is estimated to be 500 at 50 km and 10 at 80
km. Thus, for such a small number, the neutral gas flow over tﬁe blunt -
probe is laminar. |

For the charged particles, the parameters involved are the Sﬁhmidt
number, ScBg and the electrical Reynolds number, Rds, where suffix, s
denctes the species. Schmidt number for each species is defined as
Sc, = vDs”l where D_ is the coefficient of diffusion of that species.
It is the ratio of trausport of momentum by viscosity and the transport
of charge particles. For electrons, the diffusion coefficient can be

found from McDaniel (37). It has been estimated (7) that Sc,~2 at 50 km

i
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and 1 at 80 km, Electrical Reynolds number is the product of the Rey-
nolds number and the Schmidt number. For a negatively biased probe im-

1,2) is a measurs of the thickness of the

mersed in a plasma flow, (Rd
surface layer where diffusion (ambipolar when the motion of charged
particles is coupled, free when they are uncoupled) 1is significant.

As a summary to the above discussions, various length scales and

parameters with altitudes are plotted in Table 2.

3.6 Zero Space Charge Theory

We shall consider a parachute~borne, subsonic, electrostatic blunt
probe at a specified (positively and negatively biased) potential, in a
steady, Incompressible flow with frozen chemistry and singly ionized
plasma. The motion of the neutral gas is assumed unaffected by the
charged particles, and any geomagnetic effects are not considered.

The potential distribution is determined by Poisson’s equation as
2
V'V =-47e (n+ -n_ - ne} , (3.6.1)

wherae V is the potential, o, is the number density of species s, and sub-
scripts (+, -, e) denotes positive ion, negative ion, and electron re-

spectively. The nondimensional variables are defined as

v = V/L (3.6.2)
Ap = KT/ (amn_e?) (3.6.4)

¢ = ev/(k1,) (3.6.5)



31

Table 2

Dimensionless Parameters and Various Length Scales in the D-Region

Altitude

Mach number
| Viscous Reynolds number
Electrical Reynolds number
Viscous boundary layer thickness
Electric boundary layer thicknes
Debye 1eﬁgth

Electron-neutral mean free path'

Ion-neutral mean free path

80 km
0.3

10

10
3.16.cm
3.16 ¢cm
3 cem

20 cm

1.6 cm

1060

50 km
- 0.3
500
0.45 em
0.316 cm
12 cm
«32 cm

0.0067 co
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o= JLD/t. (3.6.6)
ﬁ = qfU (3.6.7)

vhere V¢ is the divergence operator, néo'is the ambient electron den=
sity, AD is the'Debye length, Te is the electron temperature, L is the
probe diamier, g is tﬁe flow velocity, and U is the free stream velo-
city. The nondimensional potential, ¢, is normalized by wall potential,

¢Wo' We have
$=¢_ v (3.6.8)

where U = V/VW. Substituting Eqs. (3.6.2 - 3.6.8)} into Eq. (3.6.1),

dropping the tilde, we have

2 2. _
o ¢w Vv = n_ + ne -,

(3.6.9)

For a blunt probe diameter of 10 c¢m, and the Debye length varying
between 3 cm at 80 km and 12 cm at 50 km, the nondimenslional Debye
length, a, is 0.3 at 80 km and 1.4 at 50 km. Notice here that the para-
meter ¢ 18 affected by the probe diameter. For a probe potential of 1

Yolt, ¢w ~ 43 at_SO km, 58 at 80 km. Thus a2¢w is a large parameter.

The potential, U can then be written as an expansion in QZQW, that is

1 1
v, +
2,.2
(@*9)

U= u0 + U, + co0o {3.6.10)

2 1 2

oo

w
where Un is the n th order dorrection of the potential, U. Substitut-
ing Bq. (3.6.10) into Eq. (3.6.9), dividing by a2¢w, and equating the

same order term, the zeroth order term 1s

Vo = 0 (3.6.11)
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So, with an error of order (az¢w)-l.'Eq. (3.6.11) can be written as

v =0 | '  (3.6.12)

Thus the potential field is given to the first order approximétion, by
the‘Laplace equation; Eq. (3;6n12). This simplification is due to the
low number density of charged particles (u_~ ® (1)) and the high wgll
potential (¢w >> 1).

B Another way to look at this approximﬁtion 1s to make use of the
superposition principle of the field. The field at’aﬁy location iﬁ the.
plasma 18 actually the sum of the field due to the applied field in a
vacqum; ‘vuapp’ and the field due to the spatial distribution of the

charged particles, VUSP. We have

Yo =T +VU | \ (3.6.13)
app sp . _
where : 2 : :
‘ vV u = ‘ .6.14
app - G )
v2uv =n 4+1n -1a ' | (3.6.15)
5P - e + : U

Now, 1f Vv >» Yu__, we have
app . 8p

Taking the divergence of Eq. (3.6.16), we have
2 - ‘
V'v=0 . 0 £3.6.17) .

With the electrostatic field described by the Laplace equation,

the field will extend naturally to infinity, and it is no longer
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confined only to a thin region adjacent to the probe, as it 18 in most
probe—plasma interaction cases of interest. Physically, this is due to
the factAthat the low charged particle demsity in the D-region inade-
quately shields the plasma from the probe potential. This results in
the field influenced region Seing large in comparison with the probe
diameter. Outside the viscous boundary layer, the electrons with light-
er masses, higher mobility will be éominated by the £ield effect, while
rhe ions which are heavier, and less mobile, are governed by the flow
mechanics. The fact that these two species are governed by entirely
different forces in this case will exclude any ion-electron paired mo-
rtion; thus, a ambipolar diffusion is not possible here. With this same
line of reasoning, an alternate explanation is now provided to explain
the existence of that ambipolar diffusion region féund by Lam (21}.
The main point in that case is that the thin sheath assumed by Lam
ghields the outer region from the probe's potential. Thus, outside the
sheath, electrons and positive ions are governed by the same neutral flow
and the same diffusion process (see Lam's Eg. (4.1)). Being governed by
the same processes, the positive ions and electrons will behave similarly
despite thelr different polarity. Thus, the neutrality condition still
holds outside the sheath which 1s often referred to as the ambhipolar aif~
fusion regiomn.

Using the Laplace equation, Lam's (21) nondimensional species mass

conservation equations becoma

2
Rd q Vn+ - Vn+= Vo - V n, = 0 ‘ {3.6.18)
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Rd q. Vn_ - Vn_. U - Vn_= 0 (3.6.19)

2

BRd q* Vu_ - Yo+ Vp - ¥ n = 0 (3.§.201

wi;h

a4l

. 'Di m {1/2
B = 5 ~ (f , Rd = {3.6.21)
e

i

where k@ and mi‘denotes the mass of electron and ion respectively.r.The
mobility of ion and electron have been related to their diffusion co-
efficients by means of the Einstein relation. Nﬁtice that the species
equations (Egs. (3.6.18 - 3.6.21)) are decou@led, and each species will

behave independently. The boundary conditions on charge density and

potential far away from the probe are

n, (0) = 1L+ A o (3.6.22)

o (=) = A - (3.6.23)
a, (@) =1 e (3.6.24)
¢ (@) =0 : (3.6.25)

~where A is the ratio of negative ilon density to the electron density at
infinite distance from the probe. Assuming a perfectly absorbing probe

surface, the boundary conditions at the probe surface are:
n_ (o) = 0 (3.6.26)
n_ (o) =0  (3.6.27)

n, (0) =0 . (3.6.28)
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& {o) = ¢, (3.6.29}

.It is interesting to note that; by combining Eqs. (3.6.18 - 3.6.20)
one can obtain Touryan and Chung's (22) set of ambipolar equations, Egs.
{16~18), wﬁich wag based on the assumptién of a thin sheach on the probe
surface. The diffarénce of the charged particle dynamics in present
case and that in Touryaﬁ“s ambipolar iegion is obvious. In the present
case, charged particles, beiﬁg independent of each other’s motion, move
according to their own transport properties (i, D) and the influence
of the neutral gaé'flow, Charged particles in the ambipolar diffusion
region, however, have to aatisfy the neutrality condition, i.e.,

m, = B +'ne; thus charged particles of opposite charge are, relatively
speaking, attached to each other, and they travel together. Their mo-
tion depends on the influence of the neutral gas flow and a joint
transport coefficient (amwbipolar diffusion coefficlent) of bheth spedies,
Furthermore, the quasi-neutralicy condition bf the ambipolar diffusion
region cannot be sarisfied very near the wall where the sheath concept
is needed to vemove this singularity. Whereas, in the present case, the
same set of equations, Egs. (3.6.318 - 3.6.20), can be used for all loca-

tions.
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CHAPTER JAY
SUBSONIC CONTiﬁUUM BLUNT PROBE THEORY
4.1 Introduetion

It 1ia apprOpria;e to start the analytic problem with a discussion
of the general method of treating the equations. The governing linear
differential equation, the specles conservation equation, is nondimen-
sionalized to reveal the similarity parameters;rsimilar Ftocesses have
the same numerical parameters. A limiting (very small) numeri?al
value of the parameter preceding the highesr derivative term will
serve to define a length scale, and hence the th%ckness of the pefturb~
ed regioni ;he medium will be di;ided into two distinct regions. The
outer region, with the order qf the governing partial differential equa-
tion (FDE) lowered, is unperturbed. The specles number density in the
outer region Is the same as that at an infinite distance away from the
probe. The innexr region, governed by the same order PDE as the origin-
al equation, but ﬁith fewer terms, 1s perturbed.

When the body iength (diameter) is much larger than the perturbed
characteristic length, the mathematics is simplified, and a boundary
layer problem presents itself. In the inner region, with the exception
of the convection term, all variation of physical quantities with the
coordinate normal £o the body surface is relativély negligible. Despite
this simplificatlion, the PbE is still difficult to solve due to the pre-
sence of the convection term which is sti1ll a function of all coordin-
ates considefed. The equation can be simplified further if the system
considering has similarity. Mathewatically, this means that a trans-

formation can be found to reduce the PDE to an ordinary differential
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equation. The resultant equation cen, of course, be solved

readily.

4.2 Ton Collection Theory

The electric fleld disteibutien of the blunt eiectrostatid probe
is first considered. The collector is mounted on the forward facing
end of a right clrcular cylinder; the retuzn electroda ig at the
rear and the side wall surfaces are insulator. With the space charge
effect neglected, the electric potential field of a circular disc will
be a very good approximation for the present probe potential distribu-
tion; the solution is readily available (40).

For a circular disc of radius, a, wall potential, Vw” and co~ .
erdinates (¥, d, v) as shuwﬁ in Figure 3, thé electric field, E,in two

interested cases, are as follows:

|E] = %E;E for ¢ >> a (4.2.1)
E = 2% for r << a ¢4.2.2a)
¥ Ta

Ed = { : {4.2.2b)

where Ed and EY are the electric fields im the d énd y direction re-

spectively.

4.2.1 Atrcracted Ions
A positively biased probe is first considered. Negative fomns
and electrons are attracted to the probe; positive ions are repelled,

but will f£ind their way to the other (return) electrode where they lose
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their charges. The mass conservation equation of the negative ion

is

Ra q' Vo_+ V6 © Vn_ - v2n_ =0 (4.2.3)
with boundary éonditions

n_ (@) = A {4.2.4a)

n_ {o) =0 (4.2.4Db)
In the D-region, Rd >> 1, 8o we can represent n_ by an asymptotic ex-

pansion as

-1 -2
v_o=an <+ Rd 1- + Rd 2- + oenos {&£.2.5)

vhere L is the nth order correction. Substitute Eg. (4.2.5) into
Eq. (£.2.3), divide by Rd, and equating the zeroth ordexr term, we

have
gV =0 (4.2.6)
With am error of order (Rd-l)D we rewrite Eq. (4.2.6) as
qg°Vn_=20 ' (4.2.7)

Note that the flow welocity, ¢, has been assumed of order 1 when equat-
ing various order terms. Naturally, this is correct only when the
thickmess of the electric boundary layer is larger or comparable to the
viscous boundary layer thickness as in the present case. Eq. (4.2.7)
ifmplies that the negative ions here are not affected by probe potential

end diffusion process can be neglected. Furthermore, the neutral flow
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velocity, q, does not interact with the density gradient, Vn_. There-

fore, negativé ion density 1is not perturbed and remains as a constant.

That is, outside the electric boundary layer,

n_ = h = n_olneo (4-2-8)

The physical picture changes near the wall. The negative
ion boundary condition of zero numbe;: density at the wall requires a
large negative ion density gradient very near the wall. This reéion
i3 investigated by stretching the normal coordinates with a dimension-
. Let y = y/8

less length scale, § , and assume 61_<< 1. Substitute

1 1
;'into'Eq. (4.2.3), and in terms of the coordinates shown in Figure 4,

we have

Rd (u-a:‘:-+va ) (Jl...__... 3¢ an*) -

Ix dy 9x 9x 8, 2 9y 9y
( an_ 1 an_)
-t T, ] =0 ’ o (4.2.9)
sz 612 ayz . |

The y~derivative of the convection termis not scaled because it is of
the same order of the corresponding x-derivative term in all locations.
To balance the convection term with the highest derivative term, it re-

quires that

' ~1/2
61 Rd

which is identified as the dimensionless thickness of the electric

-1/2

boundary layer. HNeglecting terms of order (Rd ); we have

an an_ :
(u ) —‘fi—— -—==0 (4.2.11)
a9y
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which is called the electric bcﬁndary layer equation. When equation

(4.2.11) is rewritten in dimensional form (except n_), we have

on_ an_ anﬂ De  9v on_
pu-é;—+ pvgy-—=pn-é;-5--(-ﬁ-p§;)-§;— (4.2.12)
with boundary conditions
n (y=0 =20 (4.2.13a)
n_ (y =) = A | " (4.2.13b)

It must be noted that Eq. (4.2.12) is valid only inside the

1/2 thick, and when y + = in Eq. (4.2.

thin electric bqundary layer of Re
13b), the boundary condition merely corresponds to the outer edge of the
~electric boundary layer. Since the electric boundary layer is thin, the
electric field, Ey, 1s essentially constant inside this'layer. From Eq.

(4.2.2), we have

-ZVﬁ
Ey= Ta

(4.2.14)

The physical picture for the migration of negative ions to

" a moving positively biased blunt probe is as follows. WNegative ions com-
ing to the.probe by entrainment in the neutral flow are unperturbed until
they enter the electric boundary layer. Inside the electric boundary lay-
er, convectlon, mobility and diffusion all contribute to the flux, and
hence to the spatial distribution of the negative fons. The neufral gas
flow velocity (u, v) governed by_the neutral gas momentum equation
(4.2.12) is the same as Eq. (7) in Sonin's (26) work, the only exception

is that the present case is simpler due to the assumed constancy of the
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neutral gas density. Sonin's solution is outlined in Appendix A. The
solution obtained for a negative-ion density gradient at the surface of

the probe 1is

(Bn_)n - (23.:\1’2 exp [ = (E*/45cRes) ] (4.2.15)

an "] 1+ erf [B/Scres) ' ? ]
‘with
iy ea
[<]
and
) .
Res = 53— (4.2.17)

where n is a boundary layer coordinate (see Appendix A), Sc is the
Schmidt number of the negative ion which is approximately the same as
that of the positive ion, Res is the Reynolds number based on the stag-
nation condition, g is the stagnation point inviscid flow velocity grad-
ient, and vV is the kinematic viscosity of the neutral gas.

The negative current density, dI_, to the collector disc 1is

(4.2.18)

dI_ = (n__o en_ v_)y -0

where v_ 1s the negative ion velocity due to diffusion and mobility, that

is,

- UE (402@19)

Therefore, substituting Eq. (4.2.19) into Eq. (4.2.18), and dividing both

gidea by en_ga, we have
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dI_ =‘2_‘Vn; )

n=o0 (4.2.20)
en_ga gan_
ar_ - 2 \/2 _(an_\
en_ ga = (ges ) Se n__ i =0 (4.2.21)

Combining Eqs. (4.2.21) and 4.2.15), we have

i 2( 1 ‘1/2 exp [~(EX/4ScRes) 1 (4 5 ooy
en_p,8a mSe Res 1+erf [E/(4ScRes)1/21 :

Following Sonin (26), when the strong field condition is satisfied, i.e.,

/2

E (:ﬁScRes)_1 >> 1, Eq. (4.2.22) can be written as

dl

-
en_ ga " ScRes (4.2,23)

Using the Einstein relation, Eq. (4.2.23) can be reduced to

dI_ = -en__ UE “ (4.2.24)
Thus when the att;acting field in the electric boundary layer satisfies
the strong field condition, the electric field effect will overshadow
the flow effects and become the governing factor in ion collection.
Notice that Eq; (4.2.24) 1s exactly the same ekpression for ion current
predicted by Hoult's theory.

The above analysis is done for a positively blased probe.
When instead, the response of the positive ions to a negatively biased
probe is considered, the negative sign in Eq. (4.2.12) will change to
poéitive, n_ ton, and the resultant equation corresponding to Eq.

(4.2.24) 1s
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4.2.2 Repelled Ions
Por a positively blased probe, the mass conservation equa-

tion for positive ions Is

Rd q ° Va, - V4 - Vn_{._ - v, =0 | (4.2.26)
with boundary conditions

n, () =1+ | (4.2.27a)

n, {0) =0 (4.2.27b)
With the exact same procedure as outlined the previous section, we have

dI+ - 2 exp {—(EzlﬁscRes)}

RETPR (‘rrScRes)ll2 1- erf [ﬁ/(ﬁScRes)1

/2 (4.2.28)
]

For strong field condicion, Eq. (4.2.28) can be reduced to

di, ; exp [—§2/&ScRes)l

2
en+0ga (ﬂScRes)llz

(4.2.29)

Notlece that the current demsity dI is negligibly small for

-1/2

E (45cRes) >> 1,

The corresponding solution for the mnegative ions to a negatively

bjased probe is

d A~
I 2 exp [-(EZIAScRes)]

en_o 82 (TTS«::Res)]J2 1+ erf [ﬁ/(&ScRes)1

(4.2.30)
/2,
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dI_ 2 exp [*jﬁZIAScRes)l_ .A 2.31
a“ 1/2 (a a )
eN_o8 {7ScRes) :
To satisfy the strong field condition, a higher probe po-
tential is required at lower altitudes, where the electric Reynolds aum—~
ber is larger. For a strong probe potential, the current of the re-

pelled ilons to the probe is negligibly small.

4.2.3 Justification of Hoult'’s lonic Theory in the D-Reglon
Hoult®s (7) ion collection blunt probe theory has been wide-
1y used for the D~region ionlc data interpretation. This theory is
based on a bold assumption that the convection is completely dominant
until very close to the wall where mobility and diffusion abruptly.dq—
minate the transport of the charge particles. Hoult's prediction of the
lineaf variation of the current with voltage is well Supportéd by blunt
probe data in the D-region (41}.
o The previoﬁs section has shown that Sonin’s lomic theory is
equivélent to Hoult's theory provided the strong field condition,

E {4 ‘ScRe:s:.)_ll2

>> 1, is satisfifed. To explain the capability of Hoult's
oyersimplified model giving an experimentally verified predictien, it is
logical to see whether the strong‘field condition is satisfled in the D-
region. The available blunt probe data, which gives the potential of
the negatively bilased probe at which measurements were made, is thé
Eclipse data (42). The radius of the probe, a,is 10.3 cﬁ, the free

stream velocity, U, iz 100 m/sec.

with

Dy = ~— (4.2.32)
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and

B = (me/m_)uz (4.2.33)
The strong field parameter 1s reduced to

E a

“ -1/2 E
[=] -'Z /
Y48cRes 4Uk'Ie.v'me m_ (\Je)l z

(4.2.34)

where Vo is the eleéctron collision frequency with the neutrals, and

m_ is the mass of thé negative ion. By substituting the constants, we

obtain
~ E ‘
—E . 3.36 x 10° GHL/2 (4.2.34)
Y45cRes e

This measuring probe potential, Vw, is approximately the middle point of
the range of the potential at which the negatively biased probe is
collecting positive ion current. The following computation is done
for the data obtained from the launch (D16) on 12 Nov 1966, and the
launch (Cert) on 5 Nov 1966, during a solar eclipse (42). The results
are tabulated in Table 3 and Table 4.

The result clearly shows that the strong field condition

(E (4ScRes) 12

>> 1) 1s satisfied throughout all altitude of interest
Hoult's ionic collection theory, thus is an adequate theoretical model

to be used for ionic data interpretation in the D~region.

4.3 Electron Collection Theory
4.3.1 Stationary Blunt Probe Theory
Before proceeding directiy to the moving blunt probe analy-
sis, the limiting solution of & zero velocity blunt probe is first dis-

cussed here. The governing equations are as folleows:



Table 3

Evaluation of the Strong Field Parameter for Data from "D-16"

Altitude (km)

aftd 50 55 60 __65 71 77 80
Range of probe ' =20 =20 -20 -20 ~15 -15 ~15 -15
potential (Volt) 0 0 0 0 .0 0 0 0
Probe potential.
during measurement ) .
Vw (Volt) . ' -10 =10 -10 =10 -7.5 -7.5 ~7.5 -2.5
Wall electric
field Ey (Vblt/m) 62 62 62 62 46 46 46 15
Electron-neutral
collision frequency - 7 7 7 6 6 6 5 5
v, (sec™1) 6.3x10° 3.2x10° 1.6x10° 8.4x10° 4.6x10° 2.2x10° 8x10° 5x10
Strong field

arameter .
R (4ScRes)1/2 6.2 3.8 52 72 72

104 173 171

6%



Tablie 4

Evaluation of the Strong Field Parameter for Data from "Cert"™

Altitude (km)

45 50 55 60 67 70 76 80
Range of probe =20 =20 =16 =14 =17 ~17 Y | = &
pocential (Volt) 0 0 0 0 0 0 0
Probe potential
during measurement
v, (Voit) =10 =10 -8 - 7 - 8.5 - 8.5 - 3.3 - 2
Wall electric |
field Ey (Volt/m) 64 o4 51 45 54 54 22 13
Electron-neutral
collision frequency :
v, (sec™L) 6.3x10" 32210 1.6x10” 8.4x10% 3.4x10% 2.4%10% 8.2x10° 5x10

Strong field

arameter )
£/ (4ScRes)1/2 27 18 43 52 98 122 83 148

s
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) v : : :
v n, - Vo Vne 0 (4.3.1)
2 . - '
V¢ =0 (4.3.2)
with the boundary conditions

n (=) =n n = (
e (=) eo 4 e surface

=4

W

b =0  , ¢

surface

where the'subscript, surface, denoteg conditions at the probe surfaces.
The corresponding boundary configuration is shown in Figure Sa; Notice
that this configuration does not form a closed boundary surface.

The basic requirement for the solvability of the above
two elliptic¢, linear, second order partial differential equation is
knowing the conditions on closed boundary surface such as the one shown
in Figure 5b. 1In view §f this difficulty of the present problem, the
blunt probe is represented by an oblaterspheroid. Letting the spheroid
thickness go to zero, the blunt probe becomes a two-sided disc as shown
in Figure éa. This model, crude as‘it is, will give a first—prder
approximation of the real voltage-current characteristics of the blunt
probe.

In the special case when a tﬁin sheath exists on-the probe
aurface, physical quantities will be independent of the coordinate nor-
mal to the probe surface. The governing equations will be two coupled,
second order ordinary differential equations and these have been solved
by Su and Kiel (43).

The present problem imn its reduced form as shown in Figure

6a, has been analyzed by Stahl and Su (44). Arn analytic solution was
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(A) Open Boundary Surface, (B) Closed Boundary
Surface
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found by assuming that the electron density gradient will vary linearly
with distance from the probe when far away from the probe surface. An
Einstein relation was used, though inval}d for electrons; In the pre-
sent work, none of the above assumptions are made. A simple model,
based solely on data of electron drift velocity, is proposed.

-Only the upper half of the disc, shown in Figure 6b, where
the collector disc is imbedded; is considered here. The electric field
expressions used here for this one-sided disc are the same as that used
by previcus workers (43, 44) and have been listed in the beginning of
this chapter. The eiectrons, while bouncing around in collisions with
neutrals, have a net drift velocity along electric field lines. The
field lines nofmal to a given surface on the probe will form a stream
tube. 1In particular, the stream tube, pgq'p' to the collector disc as
showm in Figure 3, is of interest here. The flux of electronlthrough

the tube is governed by Gauss® law as

AE = constant {4.3.3)

1

where A and E is the local stream tube cross-sectional area and the
magnitude of the electric field respectively. Mass conservation also

glves

n,Avy = constant, (4.3.4)
Combining Eqs. (4.3.3) and (4.3.4), we have
v
ne-ﬁg = constant, (4.3.5)
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For a given altitude and hence pressure p, we have

nef_D__ = constant, (4.3.6)
E/p
Since the drift velocity for electron is no longer assumed
to be linearly dependent on E, the experimental results of the electrom
drift velocity versus electric field and pressure listed in McDaniel
{45) are used. The curve for data_éaken at gas temperature of 300°K
is shown in Figure 7. The curve haé a coﬁstant slope, valﬂlof about

7 5

10 cm2 sec_l volt-l me Hg at portion AB, and 5.5 x 10 1

cm? sec volt”
mm Hg at CD. The slope at the saddle BC varies at vélues much smaller
than the above values.

The point Eﬁ/p on the curve (Figure 7} is first considered.
In view of the fact tﬁat the velocify of the descending probe in the
D-region is small, the moving blunt probe dﬁta, Ew/p is used in the
present amalysis. Data (46) consistently shows that the point Ew/p is
located on the portion CD of the curve. 'Values.in one case are presented
in Table 5. At a given altitude, Efp will start with a value, E&/p, on
portion CD; as distance away froﬁ the probe surface incrgases, E/p de-
creases. Portion AB on the curve will now be replaced by a straight
liﬁe (Figure 8). Eq. (4.3.6), when coubined with the fact that the slope,
vbp/E, is a constant at field valﬁes below B, shows tﬁat the electron.
dénsity is constant at neé (ambient electron density) for all lbcations
outside a position, Yo’ as shown in Figure 8. This distance, Yo’ thus
can be regarded as the perturbed thickness of_fhe staﬁionary probe. The

electron density is a constant, Ny outside Yo$ within the distance Y,
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the density changes according to Eq. (4.3.6). At B, Eo/p = 4 x 10_2
volt (:m-'I mm Hg_l and Vho = Ix 105 cm sec-lq With Eqs. (4.2.1) and
(4.2.2a), we have

E B a?

P P Y2 (4.3.7)
Thus at B, we have

E_,1/2
Yo © 52 (p—§ (4.3.8)

With Eq. (4.3.3), the electron collecting surface area, A, 1is given -

by .

¥For the data from the launch on December 5, 1972, the perturbed length
Yo” the collectimg surface area Ad’ and the free stream velocity are
presented in Table 5.

While a near-surface diffusion layer is expected to exist,
the current to the collector disc is determined by the condition on the

surface at a distance Y, away from the probe. It is

Ie = @ VDO Ao neo

(4;3.9)
where Ao is the cross-sectional area of the stream tube at distance Yo

from the probe surface. Using Gauss' law and Eqs. (4.3.8) and (4.3.9),

we have

By
Ie 2SEVDO Beo Acol (F) (4.3.10)



Table 5
Variation of the Pérameter, Eﬁjp, the Electron Collecting Surface Area,
Ay to the Collector Disc, the Perturbed Length Scale, Y, and

the Free Stream Veloclity, E; for the Launch on December 5, 1972.

Vaolt 2

Altitude (m) B /p —rrge A, (en?) Y, (em) T (/sec)
82 1.85 227 25.2 350
74.2 0.5 | 62.4 13.2 310
65.2 0.44 54.2 12.3 225
8.6 0.31 38.0 10.3 123
47 0.26 30.4 9.2 63

37 0.25 29 9 25

69
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Substituting numericél values, we have

-12 Ycolz neovﬁ

a p (4.3.11)

Ie,'s 2.4 x 10

Thus the electron current to the collector disc is proportional to the
area of the collector disc, ambient electron density and probe poten-
tial. The current decreases for a larger guard ring and lower gas

pressure. Taking the derivative of Eq. (4.3.11), we have

2
dIe = 2.4 x 10—12 Ycol neo
de ) a P (4.3.12)

Now, dIe is related to the term 0_ usually referred to as the nega-

de

tive conductivity by

2
dIe - 2Yr:o]. o-
av,, a (4.3.13)

Combining Eqs. (4.3.12) and (4.3.13), we have the virtual relationships,
11
o= 8.35 x 107 po_ (4.3.14)

This model, which does not specifically include diffusion
processes, is based purely on a dominant mobility concept. The dia-
meter of the area, AO, is the characteristic length of this problem.
Its value compared with the electron-neutral mean free path is an indi-
cation of the validity of a continuum deseription of the system. Com-
parisons of the drift velocity at the point B, (%k)= I x 105 cm sec-l)
and the free stream velocity, U, of the descending probe reveal a very

interesting result, the former being much largzr than the latter. This
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seems to demean the contribution of convection to the electfon flux as
compared with that by mobility. Thus it seems to imply that the pre-
sent stationary blunt probe theory may be used for a subsonically de-
scending probe. At this stage, however, it is not clear how the con-
vection effect will perturb the electron density at distance from the
probe further away than the perturbed thickness Yo' The convection

effect will be investigated irn the following sections.

4.3.2 Identification of Characteristic Layers for a Moving
Blunt Probe
For a positively biased probe, the electron couservation

equation in a continuum medium is

ARd q°Vne - Vﬂ(Vne - ¢w n, Vu) = 0 (4.3.15)
with

n, (=) =1 (4.3.16a)

n, (o) =0 (4.3.16b)

In the D-region, Rd, the electrical Reynolds number is 103
at 50 km, 10 at 80 km, with B = 5 x 107>, It will be noted for the pur-
pose of comparison that the characteristic thickness for ion collection
as noted earlier, is 61 = (Rd)“llz. Notice that all physical lengths
have been nondimensionalized by the probe diameter, L. The presence of
the term 8 in Eq. (4.3.15), which is not found in the equations for
ions, wakes the analysis for electron collection completely different

from the ion collection theory. The following analysis will be based

on the assumption that ¢w >> BRd, which 1s appropriate in the D-region.
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The fact that ¢w is the largest parameter In Eq. (4.3.15)
clearly reveals that the mobility term, (Vne°?¢}9 is dominant in the
anondimensional length scale of order 1. This implies that the electronm,
moving in reglon of approximately L cm away from the probe, is mainly
governed by the mobility (a combined effect of electric field and col-
lisions). Physically, the existence of this mobility dominant region
is due to the small inertia and high mobility of the electzons.

For amaller or larger length scale (nearer to or further
away from the probe), the physical picture changes. A smaller dimen-
slonless length scale 62 will fixst be considered. In terms of the

coordinates shown in Figure 4, Eq. (4.3.15) becomes

8Rd (u Bne .y Bne) . (Bne §9_+ Bne-mi}

¢w ox Iy gx 9x oy dy
3 ane ane

"o 5+ 5 = { (4.3.17)
WY o 3y

The small parameter ﬁ%*

W
(singularly perturbation problem) predicts we have a boundary layer

) in frxont of the highest order devrivative term

behavior of the electron density near the probe. The coordinate is

stretched by letting n = %— whera 62 << 1, Eq. (4#.3.17) becomes
2

e s Mt s Pew o, B
anz 2 axz w2 ox dx w 2 dn 9y
(a) (B) {C)
an an
2 e, v e}
BRd 62 (u T 62 T'I) 0 (4.3.18)
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%g-is not scaled. This 1is because the potential is decreas-

Notice that
ing slowly (algebraic decay), and a boundary layer behavior (exponen-
tial decay) of the potential is not possible. To balance the highest
derivative term (A), and to satisfy ﬁhe:condition that 52 << 1, the
only candidates are (B) aﬁd (C).

The term (B) is first chosen, giving 62 = ¢w~1/2. This,

however, when substituted into Eq. (4.3.18), dropping terms smaller

than order 1, will give

2
P  Pedu, ,1/2 e du
an2 9x 9x w an 3y

0 (4.3.19)

/2

, is larger than the other two
1/2

The last term, which is of order ¢wl

order 1 terms. So, with an error of order ¢w » we have

on

e U _
By (4.3.20)
However, a constant magnitude for potentia or electron number density
1s not reasonable. This contradictory conclusion implies the initial
aggumption is incorrect.

So, instead, the term (C) is used to balance (A). This

glves 62 = %—, and the resultant equation is
w

2
an an

e e du
e __ed g (4.3.21)
NERRE T ‘
n, (W) = (4.3.22)

n, (c) = 0 (4.3.23)
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The scaling factor, %-, is ideptified as the nondimensional thickness
%2

of this layer, which we will refer to as the diffusion layer. The fact

¢

W
treated as a constant. The solution of Eq. (4.3.21) is

that this layer is thin(li-)allows the electrical field, %g;to be

n, = 0, [1 - exp (%%-n) ] (4£.3.28)

where n,. 1s the eléctron density at the edge of the diffusion layer.
The mechanism is clearly shown in Figure 9. For any con-
trol volume inside this layer, the diffusion process and the mobility
together determine the number density inside this volume. For diffu-
gsion, since the electron number density increases exponentially with
distance from the wall, the density gradient is smaller further away
from the probe, and thus results in a loss of electrons inside this
control volume due to diffusion. On the other hand, %% decreases al-
gebraically with distance away from the probe. Thus the product term,
ne‘%g, is larger further away from the probe surface. This results in
a net gain of electrons in the control volume from the undisturbed plasma
due to mobility. The combined effect of the diffusion and mobility, of
course, will leave the mumber density in the control volume unchanged.
Diffusion, a phenomenon due to the electron'’s thermal no-
tion, can be obsexved independently if the electron and lon densities
are so low that the space charge field can be neglected. From a physi-
cal standpoint, fhe gradient appearing at a point in the field is the
result of a process of creation or loss of plasma, and in particular,
it results from the zero concentration boundary condition imposed at the

surface of the probe.
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It is important to note that the diffusion layer is pre-
dicted by the continuum equation, Eq. {4.3.15). It is appropriate only
when this layer can be treated as a continuum. Otherwise, the density
gradient and thé drift velocity artifices are not defined, and diffu-
sion and mobility mechanisms can no longer be taken to exist sipce
they are collisional processes. The criterion for having a continuum

inside the diffusion layer is that the diffusion layer (%—} is thicker

w
than the mean free path of the electron-neutral collisions, Ag.p+ When

this criterion is not satisfied, the diffusion layer is no 1ongér a re-
levant concept. Thig will be further discussed in the next section.

| Next, a large dimensionless length scale, 63 >»>@(1) is
considered. Here, at such a far distance away from the probe, the x-
direction variations of the physical quantities (ne, V) willrbe com-
parable to the variations in y-direction. Sa, both coordinates are
scaled as (X, ¥) = (x, y)/63, where 63 > 1,

Substituting into Eq. (4.3.17), we obtain

BRd ( ane 3ne}+ _}.___{ane Ju Bne ou

U+ v = = A=t T
¢w 0% oF 63 9X X 9y 9y
1. (32ne ane) .
- —E . = (4.3.25)
(pw 63 33«:2 831"2

It 1is not possible to balance the highest order derivative term

2 2
9°n a9 e
—5 + ) " while simultaneously satisfying the condition, 63 >> 1,
0% ay

Thus, the boundary layer analysis using the length scale, 63,to balance

the highest order derivative term fails in this case, This fallure 1s
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expected since all boundary layer analyses are based on the requisite
asaumptién that the perturbed region is a thin layer on the body.

Hoﬁever, useful information is gained when the first two
terms, convection and mobility, in Eq; (4.3.25) are allowed to balance
each other; this gives 63 = ¢w (BRd)_l. Dropping the term of order
8Rd ¢w—2’ we have

( Bne Bney (Bne " 3ne BU]. .
| ua,f +va§__ + e ﬁ-l“%:—*é:—f = 0 {4.3.26)

Hence convection and mobility will determine the spatial distribution of
electrons between the region at ¢WL (BRd)-'1 cm away from the probe and
the next inner layer. Physically this is reasonable since there must
be an Intermediate distance away from the probe surface where both con-
vection and mobility are both of the same order of magnitude. Notice
also that when ¢ > ¢W(BRd)"1, the convection term in Eq. (&.3.25) do-
minates, which implies that for regions at distance greater than
¢WL(BRd)-l cem from the probe, convection alone dominates. In this outer
region, (& > ¢W(BRd)-l), as has been also observed in ion collection
theory, the electron number density is unperturbed and is the same value
as the density at an infinite distance away from the probe.

As a result, the analysis predicts four distinct regions for
electron collection in continuum flow. They are:

1. o< 8« ¢wf1 diffusion-mobility dominant region

2. ¢w-"1

<§d <1 mobility dominant region
3. 1 <68« ¢w(8Rd)_l mobility-convection dominant region

&, ¢W(BBd)-1 <& convection dominant region
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where 6 18 a nondimensional length away from the probe surface. The
physical picture can be summarized as follows. With respect to the
probe, the electrons are moving with a constant velocity U (the free
stream velocity). When outside the sphere of influence of the probe,
the electron density is unperturbed énd is the same as the ambient
electron density. When inside the sphere, which is approximately of
radius ¢wL (BRd)-1 cm, the electrons begin to feel the pull of the
probe potential and couverpge toward the probe. Here convection and mo-~
bility dominate the dyﬁamics of the electrons. This stage continues
until the elections are near enough to the probe {§ < 1) that the
electric fleld alone, completely determines the motion of the electrons.
This process persists until the electrons are very closé to the probe

(8 < ¢w*1), Here, the converging effect increases the electron density,
but not high enough for the space charge effect to be included. This
high number density, together with the zero electron density boundary
condition at the wall set up a density gradient, which balances the

mobility by the diffusion process.

4.3.3 A Simple Model Based on Particle Convection
Attempts to obtain an analytic solution to the Eq. (4.3.15)
will be very difficulc if not impossible. This is explained as follows:
Previous analysis shows that the perturbed region, for electron collec-
tlion, is large compared with the probe size. Thus the wﬁole fluid do-~
main (not just a thin layer on the probe surface) as shown in Figure 6b
has to be considered. Furthermore, the superpesition of a flow on the

probe destroys the symmetry of the system which is now crucial for any
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analytic solution. Thus, the system is too complex to allow an analytic
gsolution. The only consolation is that the electric field is uncoupled
from the species density and hence the flow effect. The electric field
over a one-sided biased disc can still be used for the present problem.
This last assumption, togethér with some obgerved characteristics of
the system, allows the present problem to be solved in a control volume
faghion. |

A simple consistent model is now developed in order to re-
late the current colleéted to the probé voltage and ambient quantities
for electron collection. In view of the result of the previous séction,
the perturbed region is divided into three distinct regionms.

1. Diffusion layer

This 1s a very thin layer adjacent to the probe surface.

Diffusion and mobility are the dominant processes governing the trans-
port of electrons, and hence the spatial distribution of electron den-
sity; it is shown in Figure 10a. Due to the edge effect, only the cen-
tral portion of the probe is governed by the diffusion equation, Eq.
(4.3.22), and the electron number density is given by Eq. (4.3.24). The
electron current to.the collector disc is

(Bné)
Ie ¥ ®ac De 9y | wall Acol

- - en. i@)
ené(IDe(ﬁy wall Acol : (4.3.27)

where N.o is the electron density at the edge of the diffusion layer,

De is the diffusion coefficient of the electron, and Abol is the area of
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the collector disc on the probe. Since the diffusion layer is thin

(LL), (@QE is a constant and given by
wall

¢ oy

Y

€%%} wall

1

=] o
o

’s“’

(4.3.28)

where Vﬁ is the probe potential, a is the radius of the probe. HNotice
that only portions of the electrons entering the diffusion layer will
be collected by the collector disc, while the rest go te the guard
ring.
2. Mobility Layer

Immediately above the diffusion laver, the electron
dynamics are determined only by the electric field as the field induced
velocities dominate convection veloeity here. This region is referred
to as the mobility layer and is shown in Figure 10b.

Near the outer edge of the region, the electric field

is given by

B 2 {4.3.29)

where EB is the electric field at the outer edge of the mobility layer,
and Yg is the radial distance from the outer edge to the probe. WNotice
that Eq. (4.3.29) is correct only when Yp >> a. The negatively charged
(return) electrode on the other end of the probe can influence the
electron density below the level line AB. However, on the basis of
rocket experiments, only those electrqns entering through the upper

hemisphere shown in Figure 10b need to be considered. Electrons enter
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the mobility region with two velocity components, the convection velo-
city which is the same as the free stream velocity, and a drift velo-
city. The electric drift velocity as a function of the electrical field
E #nd the neutral gas pressure, can be found in MeDaniel {45). The
drift veloéity is smaller further away from the probe,

In view of the fact that convection is neglected in the
mobility layer, the outer edge of the mobility layer can be defined as
a surface where the drift veloeity 1s much larger than the convection
velocity. To estimate orders of magnitude,AvDB = 100U is a criterion

that will be used to approximately locate the outer edge of the mobi-

lity layer in this model. There is an upper limit in choosing v For

DB’
a too laxge VoR? the ocuter edge of the mobility layer will be too close
to the probe for ¥ >> a to be valid: and, hence, Eq. (4.3.29) cannot be
used for electric field evaluation at the outer edge of the mobility
layer.

The criterion, Vg = 10 U, used to include the char-
acteristics of a mobility layer (vb >> U) i an ad hoc assumption. Thus,
the corresponding length, Ygs where this velocity occurs is not a natur-
al length scale derived from the governing equations. At a given alti-
tude knowing the neutral gas pressure, p, and the probe velocity, E}
and hence the electron drift velocity, VDB’
be found in McDaniel (45). Knowing the probe potential, and with the

the electric field EB can

help of Eq. (4.3.29), the radial distance, Ygs can be computed. It will
be recalled that the above analysis of the governing equations indi-
cated that the thickness of the mobility layer is of order L. These

length scales together with the stationary probe mobility layer
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thickness, Y,» are presented in Table 6. It 1s noted that Ya which
is roughly twice as large as L, is of the same order as L. Thus the
mobility layer thickness predicted by the above ad hoc criterion gen-
erally agrees with the prediction based on analysis on the governing
equation. The use of the ra@ial distance Yg instead of L has the ad-
vantage that a hemispheric mobility layer outer edge is physically more
" realistic than an infinite planar edge at‘distance L from the probe
surface predicted by the two~dimensional species equation analysis.

It will be noted here that the above criteribn, which
is crucial for the analysis that follows, will be irrelevant when the
probe 1s statilomary. The present model would predict an infinitely
large mobility layer for zero convection velocity. The gquestion of
consistency of the present theories for moving and stationary blunt
probe naturally arises. Does the finite mobility layer (thickness -
Yo) predicted by the stationary probe theory proposed previcusly con-
tradict the infinite mobility dominant domain implied by the moving
probe theory here in the zero velocity 1imit? The stationary probe
theory ia based on the observation that the current to the probe can be
evaluated approximately at a distance Yo from the probe sﬁrface due to
the nonlinear variation of the electron drift velocity witﬁ electric
field. Any stationary probe theoretical model, not considering the non-
rlinearity of the electron drift velocity would also predicf an infinitely
‘large mobility region. This is obvious since the Laplacé equation pre-
dicts an electric field extending to infinite distance from the proBe
and hence the electron drift velocity. This undeniably is & bad feature

of the present couvection model in the zerc velocity limit. However, a



Table 6

Comparison of Various Length Scales for the Mobility Layer

Altitude (km) Y, (cm) L (cm) Ya (cm)
82 25.2 7.4 15
74.2 13.2 7.4 12
65.2 12.3 7.4 14
58.6 10.3 7.4 15
47 9.2 7.4 18

¥l
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lafter discovery turns out that convection is negligible and a com-—

parison of YA and Yo in Table 6 shows that these two lengths are

aﬁproximately of the same magnitude. . Thus the singular behavior of

tbe convection model in the zero velocity limit is irrelevant.
Electrons entering through surface B will also hit sur-

face C. Thus electron density at surface B and C are related by the

following equation expressing maés conservation,
- L)
n_y (Ag vpn + T = a o (A ot naZl (4.3.30)

vhere n, is the electron density, i is the drift velocity, A 1s the
area, a 1Is the.probe radiug. The suffixes B and € denote quantities
at surface B and C respectively. ﬁJ is the convection wvelocity at the
diffusion layer's outer edge which is much smaller thaﬁ U.

The question of the sensitivity of the current predict-

ed by the model to the choice of a larger drift velocity, say vﬁB =

100 U, 1s raised. The mobility layer affects the current to the probe

by predetermining the electron number density at the outer edge of the

" diffusion layer through Eq. (4.3.30). Since Yne > VDB >> U > ﬁi,
approximarely Eq. (4.3.30) becomes
nB AB Ve = Pic Ac vDC _ | | {(4£.3.31)
BB - (Waz) Ype
e (2rvy® B (4.3.32)

For a given probe potential and pressure, Eq. (4.3.32) becomes, with

(4.3.29)
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m. E
—_—r cOnst —

Bop VDB ‘ (4.3.33)

A glance on Figure 8 clearly reveals thac the ratio EB/V‘ is rela-

DB
tively coanstant on the portion CD of the curve; thus a higher drift
velocity, Vpp, will not appreciably affect the ratio “éB/néc and

hence the current to the probe.

3. Convection and Mobility Region

Above the mobility layer, is the rveglon where the
electric field becomes weaker, and both mobility and convection déter-
mine the trajectory, and density of electrons. At such a large dis-
tance away from the probe, it is appropriate to assume the convection
velocity of the electron does not change throughout this region, while
the drift velocity directed toward the probe is increasing steadily.
The outer edge of this region is defined as the location where the con-
vection velocity, U, is much greater than‘the drift velocity, Vp
Specifically, for this model voa = 0-1 U is chosen to be the criterion
for determining the position of this outer edge. The minimum allowable
oA depends on the availability of the experimental data for vp. Notice
in McDaniel (45) that the lowest value of 5 reported is approximately
103 em/sec. The structure of the convection and mobility region, and
inner layers are sketched in Figure 11.

Only the electrons which entered through the central
portion of the hemisphere at Yy» 38 shown in Figure 11, will arrive at
the mobility layer. To estimate the magnitude of this electron collect-

ing surface AA’ the trajectory of electron has to be evaluated inside
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the convection and mobility region. With the convection velocity, ]
being a constant, and the drifc veloclity, vn a function of |E/pl, the
velocity vector Vv of the electron at any location imside the convection

and ﬁobility region is given by
v=e (U cos 6 + vD) + ey U sin 9 (4.3.34)

where E; and Eé are radial and téngential limit vectors respectively,
and 0 is the angle as shown in Figure 11. Knowing Yyr Ypo and the drift
velocity at any location, the minimum angile, 60, for cellection can be
easlly found by a simple numerical routine.
| Again; by conservation of electrons, the electron num-
ber density at surface A -and surface B are related by
n. ﬂ(YA sin B)2 U+ ZHYAZ {1-cos 9)

;3 -
Yea WEZ U+ 2”32 VDB

Vpa

(4.3.35)

How, outside surface A, the electric field is so weak
that the number density of electrons is relatively unperturbed. Thus,

it 1s a fair assumption to say that

B = 0 (4.3.36)

Combining Eqs. (4.3.27), (4.3.30) and (4.3.35), we

have

pe ¥ Yo Ul (4.3.37)



79

Notice that De’ Yar Yo VDC and Vps 3Ye all dependent on the jall po-
tential Vw. Thus, the current Ié may no longer be a linear function
of the wall potential as found by Hoult (7).

To see how the number density in different layers varies
with the probe voltage and altitude, we assume U = 100 m/sec_, a =10 cm
and compute néB/neA~and ne.c{ne.B as follows. At a given prcbe potential.
and altitude C(hence p), and the fact that Vpp = 10 U and Vpa = 0.17,
YA and YB can be found. The drift velocity inside the convection and

mobility region can be approximated as

vy = 10 (logy, Efp + 7.065) | (4.3.38)

which is a good representation for drift velocity below 105 cm/sec as
shown in McDaniel (45). Thus, knowing E, p and vb inside this region,
_ the trajectory of the electron can be numerically computed and the min-
imum anglé 80 and hence AA can be found. The time increment used in the
numerical'computatj.on is 10—8 sec. Having 80, Yo and Yg the electron
degsity ratio néB/neA and nécjnéB can be found. The results are plotted
in Figure 12 and Figure 13, for the mobility layer radius, yg, and nec/neo'
As expected, at any altitude,'it was found that an increase
of prohe potentiél perturbs the pl#sma further. Thus the collécting
surfacé, AA?is larger, furfher away from the probe, an& the ratio néCIHéB
is greater. When the potential is held fixed, as the pfobe goes higher
altitude, the gas will be less dense, and the electrons have fewer.colli—
gions with the neutral gas molecules. Thus a smaller électtic field is

required to accelerate the drift velocity of the electron to meet the

requirement vp = 10 ﬁ; and the distance from the probe where having this
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electric fleld, of course, willlbe longer. Therefore, the collecting
surface, AAg‘will be larger and further away from the probe.
Unexpectedly, the numerical result shows that the collect-
ing aﬁgle Bo is approximately constant at 28°. The ratic neB/neA was
also found to be approximateiy constant at I for altitudes and voltages
consiéered° Thus, it appears that the convectlon and mobility region
only explains the méchanism how the mobllity layer géts its electrons;
the region does not, however, change the slectron number @ensity and
egsentially the electfon density at the outer edge of the mobility layer .
is the electron ambient density. |
Notice that the probe radius is the typical size of earlier
rocket launches {Cert, D-16), which is two or three times larger than
the size of more recent launcﬁes, Eﬁen with this large vadius and at
the extreme condition (80 km, 7 volt)}, the ratio nee/neo is only about
70 which is low enocugh for the space charge effect to be neglected.
The zero space charge approximation is even better for smaller probe

radive and lower altirudes.

$.3.4 Collisionless Surface Layer
The fact that the diffusion of electrons'is a céllisional
phenomenon requires that the mean frese path of electron-neutral colli-
gions, he_ug should be much emaller than the estimated thickness of the
diffuslon layer (L/¢w), When this requirement is not sa;tisfiedg the
diffuesion layer iz not a relevant concept., This difficulty is removed

by replacing the diffusion layer with a collisionless surface layex.
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For the case le-n < a, one meaﬁ free path (le_n) from the
probe, a closed surface is drawn as shown in Figure l4a. The electroms
inside this layer experience no collision with the neutrals. This lay-
er is referred to as the collisionless surface layer. Above this layer,
we stillkhave the mobility 1#yer, and the convection and mobility layer.
Inside this collisionless surface layer, electrons move at thermal
velocity and the curreﬁt to the collector disc 1s the thermél flux times
the area of the collector disc. Thus, the electron curren;‘and electron

density ratic are
=£ 5 A
e & el e “col . , (4.3.39)
n V.. = n (ﬂaz)'E
e 23 VoB = Ter e C (4.3.40)
Combining Eqs. (4.3.35), 4.3.39) and (4.3.40), we have

L 3 ‘
I % Deo © Ce A H‘ (4.3.61)

H = “(YA sin 9)2 U+ 2% YAZ {1-cos ©) Vpa

2 —_
Ta- C, (4.3.42)

Remembering that vp, << U and 8 = 28°, we have

2 s
u-="Ya (sin “B)U

7= - |
a” C, (4.3.43)

The radius of the convection-mobility region, Yo» is found

as follows: The drift velocity, which has been chosen to be 0.1 ﬁl

Vm,
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has a maximum value of 3.5 x 103 cm sec-l at 82 km. Data in McDaniel

(45) shows that for drift velocity below 105 cm sec—l, we have
Vp < 107 lfl ' (4.3.44)
So, at the outer edge of the.convectién—mobility region, we have
|g,| = 10 U p : (4.3.45)

Recall the relation

: —ZaVW
EA = 3 (4.3.46)
,TTYA
we then have
v .
2 _ 108 gg_gg‘ (4.3.47).
Ta T pU

Now combining Egqs. (4.3.43) and (4.3.47), and recalling
that the ahgle & has been foﬁnd to be relatively constant at 28° for

all altitudes and probe potentials considered, we have

v
W—....
ap Ce

= 1.4 x 107 (6.3.48)

Taking the derivative of Egqs. {4.3.43) and (4.3.48) with respect to

Vw, and combining with Eq. (4.3.13), we have

a_ = 1.137 x 107 po_ O (4.3.49)

Notice that Eq. (4.3.49) 1s value only when le-n << a. For other

value of le~n’ the collisionless surface layer would be represented by
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2 hemisphere as shown in Fgure 14b when Ae~n >> L and by a disc when

Ae—n ~ L. The electron number density in the mobility layer will now

be given by.

2 —
2.5 Ap Vpp = Mgy (M7 + 2mad__ ) C, (4.3.50)

for A ~ L (4.3.50)
e-n

) 2 -
neB AB VDB = nel (2mh e—n) Ce
for A > L {4.3.51)
e-n . '

Thus, the equations correspond to Eq. (4.3.49) for larger Ae-n axe

12 a2 + 2a) ;
n = 1.137 x 10 — = g
eo 2 -

a

for A ~ a (4.3.52)
-1
2
2X
12 -
n, = 1.127 x 10 (-—-—;—“ po_
a
for le—n > a (4.3.53)

Comparisons of Eqs. (4.3.41) and (4.3.48) and (4.3.11),
and Eq. (4.3.49) with (4.3.14) show that the current collected by the
collector disc predicted by the stationary probe theory is approxi-
mately the same as that by the present moving probe theory. The sta-
tionary probe theory is based on a purely mobility concept with the
cut-off distance (perturbed region thickness) determined by electron

drift velocity data. The moving probe theory hbegins with the
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inclusion of convection, diffusion and mobility in the analysis. How-
ever, computations based on rocket data (Chapter V) shows that the
diffusion layer is an irrelevant concept and hence,doés not physical-
ly exist fér‘electron. Also, the convection effect perturbes the con-
vection-mobility deminant region very little and thus can be neglected.
Now, since mobility is the only dominant process in both sfatibnary
and flowing theorieé, it is thus not too surprising to find that they
predict the same current to the colléctor dise. In the work below,
rocket data will be réduced by the convection theory, though it must
be remembered the stationary probe theory is equivalently accurate at

low altitudes.

4.3.5 Validity of the Electron Collection‘Theory in the D-Region
Two‘conditions have to be satisfied before the continuum
equation Eq. (4.3.15) can be used. First, both the neutral gas and
the electron gas must be a continuumf This requires A,_, << lp and

X << lp, where lp is the characteristic length of the plasma-probe

e-n
interaction problem. Now, since le-n > Apgen li-n’ the criterion to

be met is

J\e__n << lp | (c)

Second, the mobility must be defined. This requires that the ratio

of the velocity increment induced by the field,'E, within one mean

free path, to the thermal velocity, is small. With the time between
1/2

collisions, At, represented by he_nfaé and Eé = (8 kTe/ﬁme)“ , We

have (7}



ev
(&) i \
V /nax 8 kTe lp (4.3.54)
Thus, we have
L
—?Eh << 1 (d)
P
where
x Y .
w = -
'mob E-“EZ-Ae—n 8 ¢Wke-'n {(&.3.53)

The above two conditions (c and d) ensure the legitimate
use of the continuﬁm equation and the mobility concept. In the pro-
cess of analysis of the continuum equation, three further conditions
are assumed. They are, (1) ¢w >> BRd and ¢w >> 1, (2) a2¢w > 1,
(3)Lpf¢w >> A94n° The first condition allows the division of three
distinct perturbed regions. The second allows the use of the Laplace
equation,'and the last made the diffusion layer concept a valid de-
scription of the electron dynamic very mear the probe surface.

For electron collection theory in the D-~region, there are
three lengths which can be used for the characteristic lengthJ&?of the
plasma-probe interaction problem. They are the probe diameter L, the
mobility layer radius yp, and the convection and mobility radius Yy
The length L and YA are not chosen because the former ig not a repre-~
sentative length scale for the perturbed region, while the latter does,
but the variation of electron density in the comvection and mobility
region was found to be negligibly small in earlier sample computationm.

So the remaining one, Yps should be the characteristic length scale for

thia plasma-probe interaction problem. That is
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(4.3.56)

Notice that yg is a function of the radius, a, potential, Vy, alti-
tude, h, and the velocity,'ﬁ, of the eleEtrostatic blunt probe.

Based on the blunt probe data obtained from the launch on
December 5, 1972, at Wallobs Island, the mobility radius, yg, the
electron's electrical Reynolds number, Rdel(BRd), the mobility concept
length scale, Lpgh, and the diffusion layer's thickness, L/¢w, were
evaluated and are plotted in Figure 15 with A_,_,. It is concluded
that the diffusion layer is not a relevant concept, since L/d}W < Ae_n
for all altitudes considered. The coﬁtinuum assumption,_he“n << Yg»
fails ahove 70 km. Repavding the mobllity concept, the length scale,
Lyon» was found to be much greater than the characteristic length
scale, yp, only below 60 km. However, according to Hoult (7}, the
reguirement that Lmobflp << 1 is conservative by a factor of 102 due
to the clustering effect of the charged particles. Hoult concluded
that the concept of diffusion is appropriate up to 80 km. The
assuuption ¢y, >> BRd was found to be good for all altitudes considered
while the assumption ¢, >> 1 is correct only below 70 km. In
conclusion, the present electron collection theory is valid below the
altitude 70 km. Above it, the result predicted by the theory is

questionable.

4.3.6 Electron Current to a Negatively Biased Probe
The present electron collection theory will not be com-
plete without a discussion of the electron current to a negatively

‘biased probe. Notice that the electron collection theory discussed
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above 1s for a positivély biased probe. The dynamics of electroms to
a.negatively biased probe is governed by the mass conservation equa-

tion as follows:
V « (fRd n, q-mn, v - Vne) =0 | (4.3.57)

It is a good assumption to assume that the electrons in the vicinity
of the negatively biased probe are not dense enough to have a'signifi-

cant diffusion process. So, neglecting the diffusion term, we have
Ve (BRd n,q-n, V) = 0 (4.3.58)

or | BRd ng -n, ¥ = K

where X is a constant. To satisfy the boundary condition ne(o) = 0,

it requires that K = 0. We have, then,

Vo
9 Brd (4.3.59)

In the direction perpendicular to the probe surface, v ~y for a stag-

nation flow, and %% ~ 1 near the wall. We then have

BRd | (4.3.60)

At -this distance from the pfobe, the tendéncy for the electron to be
carrled toward the probe by the neutral gas is cancelled by the repﬂl«l
sion forcelof probe poten;ial. This distance, Yoo is a representative
thickness for the forbidden zone on the probe surface where electréns

are prohibited. Throughout the D-region, this distance is very large,
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thus, electron current to a negatively biased probe can be neglected

as compared to be lonic current.
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CHAPTER V
COLLISIONLESS BLUNT PROBE THEORY

The altitude of interest where the blunt probe will function in a
collisionless regime is between 70 km and 300 km. Above #0 km, the
collection contiﬁuum tﬂeory breviously described hegins to fail due to
the rapid decrease of collision between elecﬁrons and neutrals. The
kimetic theory basad on statistical particle dynamics should be used
in order to obtain 2 better microscopic picture of the physical process-
es involved in the interaction. The altitude of 300 lkm ié chosen as
the upper limit of the present discussion solely because.the altitude
corresponds torthe F2 peak, where the electron density is highest in
the ionosphere. For the purpose of estiﬁating various relevant para-
meters, the tyﬁical variation of the electron temperature and density
variation between these altitudes azre Included as shown in Figure 1 and
Figure 16. It should be ﬁoted that both the neutral and electron tem-
perature rise for higher altitudes,.bﬁt with the latter rising wmore.

vapidly than the former.

5.1 Theory: 82 km to 300 km

The lack of any blunt probe data above 82 km requireg discussion
of this region to be based on some realistic assumption. The follow-
ing is a discussion on the pros and cons of using the thin sheath theory

to predict the probe characteristic above 82 km.

5.1.1 Applicability of Thin Sheath Concept
First, it is the Intent here to show that a descending probe

can be reasonably treated as a stationary probe. Above 82 km, all
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charged particles whose mean frée path is larger thaﬁ all characteris~
tic lengths of the plasma-probe interaction problem, are relatively
free to move without collisions. Meanwhile, the very small numerical
vaiue of the parameter u2¢w here, preceding the highest dérivative ferm
in the Polsson eduation, indicates the presence of a shéath on ther
probe surface. OQutside the sheath, Eharged ﬁarticlés unéffected by
probe potential, are‘unperturbed, and enter the sheath as thervector
sum of two velocities. They are the thermal velocity and the descend~
ing velocity of the prébe, U. Naturally, any probe theory neglecting
the fact that the probe is actually descending at velccitx,ﬁ; will in~
cur an error of order,%; where E; is the thermal velocity of the at-
tracted cha;ged particlgs.

For a parachute-borne probe descending from 300 km, the
ﬁarachute will no longer be an effective drag inducing system. This
failure is. clearly revealed when comparing the relative size of the
parachute.diameter, dpara’ and the negtral mean free path, An—n’ which
can be used as an approximate separation distance between the neutral
atoms. The very large ratio }\n_n/dpara shows that the‘drag induced by
the parachute is insignificant. Throughout most of the altitude range
(82 km ~ 300 km), the probe will be descending at hypersonic speed
which is estimated to be 1 km/sec. With the ionic thermal speed of
approximately 500 m/sec, the error introduced by neglecting the de~
scending velocity of a nega;iVely biased probe is very large (200 per-
cent). Whereas, for a positively blased probe, where electrons are

attracted, the descending probe can be reasonably treated as a sta-

tionary probe with only an error of approximately 1 percent.
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Second, the walue of the nondimensional potential, ¢w,
between 82 km and 300 km, will be estimated with the gulide~lines from
lower altitude measurements. The electric fleld of the blunt probe at
which measurements were made at Jlower altitudes are shown in Figure 17.
At 82 km, E, ~ 0.01 volt/cm, and the corresponding probe potential for
that probe configuration (radius ~ 3.7 cm) ié about 0.04 volt. Above
82 km, no blunt probé data has been obtained. For the sake of analy-
sis, the probe potential above 82 km is assumed to be 0.04 volt. This
is a conservative assuﬁption, since the trend of the data shown in
Figure 17 predicts that the field, E,will be even smaller for altitudes
above 82 km. This, together with the electron temperature shown in
Figure 16, allows an estimation of ¢w which by definitien is e"'rt\;'/(kTe).
The computed value of ¢w is 0.23 at 300 km and 0.3 at 175 km; it slowly
increases to 3 at 82 km.

- The magnitude of ¢W betweéen 175 km and 300 km found above
satisfies the assumption of 5pik‘s analysis (4.8), and the screening
distance of the biased probe at rest can be found on that basis. Upik
has examined the screening problem for a stationary finite size charged
'body (negative and positive) in medium where the general thermodynamic
equilibrium holds (e.g., with a Maxwellian distribution of velocities).
He found that the screening distance (sheath thickness) is exactly the
Debye length when ¢w < 0.3. This condition is satisfied between 175 km
and 300 km, but fails in the altitudes ranging from 82 km to 175 km.
The use of the Debye length as the sheath thickness between altitudes
82 km and 175 cm is convenient, but not supported mor disapproved by

any existing collisionless probe theory. In view of the fact that
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¢w ~ 1 here, the sheath thickness will solely be a function of the De-
bye length and probably weakly depends on ¢w. Thus, it is reasonable
to use the Debye length as an indicationof the sheath thickness through-
out the entire range of altitudes considered here (82 km - 300 km).

The computed vaiue of the Debye length based on the typi-
cal electron density shown in Figure 1 is 0.3 cm and 300 km and 3 cm
at 82 km, For a typical probe diameter of 7.4 cm, the sheath on the
probe is thin at 300 km and relatively thick at 82 km. The mean free
path for charged particle-neutral collisions is larger than the thick-
‘ness of the sheath; thus the sheath on the probe surface is collision-
less. For a thim sheath, the streamlines of the attracted charged parti-
cles will be relatively straight and perpendicular to the probe surface.
A one—-dimensional analysis inside the sheath is thus applicable and will
be listed in the next section. When the shgath is thick, the streamline
will now narrow towards the center of the collector disc. To account
for this converging effect of the streaming liﬁes, the two-dimensional
Poisson equation, which is elliptic in character, has to be solved.
The mathematical equations involved are intractable. However, only
those attracted charged particles entering through the central portion
of the thick sheath will arrive at the collector disc, and be measured
as the current to the probe. The converging effect here is probably
small enough to allow the thin sheath solution to describe the probe
characteristic. Naturally, the current will be underestimated by the
thin sheath concept due to the converging effect of the stream lines.

In conclusion, the thin sheath coucept will be used for the

entire altitude range (82 km - 300 km) to determine the current voltage

characteristic of the probe.



99

5.1.2 Thin Sheath Theory
The collisionless infinite flat plate stationary probe
theory is well understood and available ?n texﬁ materialA(AQ). The
planar probe 1s assumed to be cold and aésorbing; both 1ons and elec-
trons have a Maxweliian velocity distfibution. Only the solutions 
are listed here,
For a poéitively biased probe (Vw > 05'

- aV

1 - W =
3 =gy e [Cy exp (' E'TEI) - Gl 5.1.1)
< v
3 __1 2 1 b’
3V 4 "eo © KT, exp ( kTi) (5.1.2)

where j is the current density and Ti is the positive ion temperature,

. For a negatively biased probe (VQ < 0)

1 — = %
i= % Mo © [Ci : Ce exp ( - Ei‘_é) ] , (5.1.3)
31 1. 2¢ eV, o
.= =% n. e _e_  exp
v, 4 “eo kT, ( kTe ) (5.1.4)

Notice that the negative ion is not involved in the analy-

8is since its concentration is negligibly small in these altitudes.

5.2 Discussion: 70 km to 82 km
A positively biased probe descending subsonically is consid-
ered here., Between 70 km and 82 lm, the probe is operating in a double

transitional regime, i.e., L= AD = A In tha azbsence. of magnetic

e-n’
field, this is one of the most difficult plasma~body interaction pro-

blems one can encounter.



100

In this range of altitudes, neither the electron collection
continuum theory desc:ibed in the last chapter nor the present colli-
slonless thin sheath solution will give a full description of the probe
.characteristic. However, their respeﬁtive electron density predictions

will be computed'and compared in the next chapter.
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CHAPTER VI
THE D-REGION ELECTROM DATA REDUCTION
6.1 Data Reduction by Continuum Theory
A‘proper reduction of the blunt probe electron data requires a
knowledge of the probe potential at which measurements are made.
This probe potential is needed in checking the applicability of a dif-
fusion layer model, as compared to a collisionless surface layer. The
potential is aléo needed in the investigation of whether various con-
straints posed in the derivation of the model is met at varilous alti-
tudes.
Two measured quantities are first discussed. During the flight of
the probe, the derivative of the electfon current (Ie) with respect to
‘the applied potential (VA) between the collector disc:and the return
electrode is measured through a scheme using the following relation

which 1s discussed by Mitchell (50).

dIe 1 (Af—/At)déta

dvA Rcal (Af/ﬂt)cal

(6.1.1) .

where Rca is the resistance of the calibration fesiétpr, (Af/At)cal is

1
the slope of the straight line drawn through the preflight calibration
ramp, and (Af_/At) data is the corresponding slope of the in-flight data
waveforms. The applied potential, V,» when the (Af_/At)data was ob—

tained was also measured. It is related to the probe botential,‘vw, as

follows:

(6.1;2)

3
.

q' Qfp-
I

+
h5
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where 0_ and o, 18 the negative and positive conductivity,respectively,
gnd L - and 1. are the length parameters of the probe and the return

¥
alaeérnde, Aceording to Hale, et al. (51), when the return electrode

ip several times larger than the collector plus guard ring, we have
Ve ¥ Va - (6.1.3)

In rhe display of the data thus obtained, instead of

dI
'Eﬁ;
Ew’ are usually tabulated. The former two can be retrieved by the follow-

ke

and Vﬁ? the negative conductivity, 0., and the wall electric fleld,

ing equatiens [see (4.3.13) and (4.3.28)]

dIx
g = =_§'_._._(.__e.§ )
Zycﬂlz dvﬁ‘ (6.1.4)
L P
W | Ta (6.1.5)

In this work, the data of five launches compiled by Burkhard
{48) is recalculated here using the new continuum theory derived. The
thickness of the diffusion layer and the corresponding electron-neutral
mean free path are computed and plotted in Figure 18. A coﬁparison
clearly reveals that the diffusion layer concept is irrelevant and the
layer 1s replaced by a collisionless surface layer as has been discussed
-lagt in Chapter IV.

With Eqs. (4.3.50)- (4.3.52) the ambient electron density,
the old and new electron profiles are computed and plotted in Figures
19 £o 23. The probe's descending speed, and the pressure of the D-re—

gion for the launch on December 5, 1972, are plotted in Figures 24 and
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95 for refevence. For the launch on January 31, 1972, the present
blunt probe data is compared with the result of a combined probe and
propagation experiment performed by the University of Illinods at the
same date. It is shown in Figure 26.

4S8 has been e¥pected, the new electron number density is
smaller than the old prediction below 60 km.l This is in agreement
with the physdecal model since the electron collecting surfaces are now
larger and further away from the probe (mobility layer outer edge) as
gompared with the pasf theory, where the collecting surface is the
outer edge of the diffusion layer. For a larger collecting surfaées a
blgger electron current will be collected by the collector disc on the’
probe for a given amblent electron demsity. Thus, for a glven nmea-
sured current, the electron density predicted will be smaller.

Above 60 km, the new electron density increases for higher
altitudes. It exceeds the old electron denéity at approximately 70 km
and continues to increase rapidly with altitude. The rapid increase of

the newly predicted electron density above 60 km is due to the drastic

>

increase of the thickness of the collisianless surface layer, Ae-n

compared with the thickness of the mobility layer, Yge A larger
Ae—n/YB implies a smaller néA/néﬁ and hence the predicted density will
be higher for a given measured current.

The new electron profile above 70 km should be viewed with
caution since at about 70 km, most of the assumption (e.g., continuum
concept), és have been pointed ocut in Chapter IV, begin to fail. Ag

about 80 km, where Ae¢n ~ Yp» @ layered geometry as shown in Figure 14b
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no longer exists and the present continuum theory is expected to

collapse above 80 im.

6.2 Data Reduction by Collisionless Theory

The available data between 70 km and 94 km are also reduced by the
collisionless theory‘(thin sheath theory). The predicted electron
densities are plotted in Figure 27.

The electron density obtained by collisionless theory is consider-
ably higher than that predicted by continuum tﬁeory. Naturally, this
is due to the fact that the electron collection surface which is the
thin sheath edge in the collisionless theory is very much smaller than
that in the continuuﬁ case. For a given ambient electron density, the
electron current predicted by the collisionless theory will then be
smaller. Thus, for a givén measured electron current, the electron
density predicted by the collisionless thedry will be considerably
higher than that by continuum theory. It wili be noticed that some
data points comparing both continuum and collisionless predictions are
not included in the figure bécause their values reduced by the collision-
less theory is too large to be appropriate.

In general, between altitude 70 km and 94 km, a continuum theory
tends to underestimate the electron density while a collisionless theory
will overestimate the electron density. Thus, the actual‘electron pro-
file in this high altitude as indicated by other well established ex~

perimental results is expected to be within this upper and lower limit.

A
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CﬁAPTER VIL
CLOSURE
7.1 Summary

The subsonic, parachute~borne electrostatic blunt probe has been
used for a D—region compogition study by the Ionosphere Research Lab-
oratory at The Pennsylvania State University. The scope of this work
is to review the paét D-region blunt probe theory and to develop a
correct electron collecting, positively biased probe theory.

In the formulatidn of the basic equarions, various nondimensional
parameters have been estimated and discussed. The imporfance of a
prior approximate knowledge of the quantities (e.g., eiectron tempera-
ture and density) to be measured was noted. These quantities are
crucial\for deriving an analytic solution since theyAare needed in
‘ordering various parameters. In considering various characteristic
lengths, electron Larmor radius, the electron perturbed length, and
the electron-neutral mean frge path, the magnetic effecﬁ on electron
collection could be sgignificant, though it is not included in the
present amalysis. |

The relatively low D-region electron temperature (230°K) compared
with the usual plasma condition (3000°K} results in the nondimensional
probe potential (¢,) much greater than unity for typical D-region
probe potentials; this has two results. First, with ¢w_>> 1l, the basic
asgumption that ¢, << 1 in the classical derivation of the Debye lengtﬁ
is not satisfied; thus, the usual physical implication that the electric
field is negligible at distance outside the Debye length is loét.r Sec-

ond, the fact that ¢y >> 1 and Ay ~ L shows that the Laplace equation
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is an adequate description of the electric field outside the probe
surface. Thls referred to as the zero space charge theory, is the
basis for the present analyses for both ion and eleptron collection.

It was found that a blased probe perturbs the attracted ions
only within a thin region (L (Rd)_llz) on the probe surface, due to
the large convection influence on the lons as compared with the dif-
fusion and mobility effect. In the present case of an inc&mpressible
plasma flow over the probe, Sonin's ion collection‘theory can bhe used
inside this thin perturbed region where convection, diffusion and mo-
bility effect all have to be considered in the analysis. With some
rocket-borne blunt probe data, it has bheen demonstrated that the strong
field condition, which is equivalent to the case (0(13&'1/ 2y > @ (¢w"l),
is satisfied in the D-region. Thus, Hoult's diffusion layer model,
which is based on the assumption that the perturned region of ¢K¢w—1)
thick where convection effect can be neglected, is also an adequate
theory for ionic data reduction.

Electron density is perturbed by a positively biased probe to a
much greater extent compared to the perturbation of the ions. This is
due to the inadequate shielding of the probe by the space charges and
the small electron inertia which demeans the convection effect. The
usual thin boundary layer analysis is inapplicable, ‘and we are confront-
ed with the difficult task of solving an elliptic equation (electrom
rconservatipn equation) with incomplete knowledge of the boundary condi-
tions. This difficulty is removed by assuming the slectric fiéld above
one end of the blunt probe is the same as that above a circular disc

which 1s obtained by shrinking an ellipsoid to infinitesimal thickness.
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The limiting case of a staiionary probe is first considered. A
model based on the available exverimental data of the electron drift
velocity versus electric fiéld and pressure is proposed. The nonlinear
' behavior of the above data is used to determine the cut-off distance of
the electron collécting region. This model considers only mobilitf
effect while the diffusion process is not included in the analysis.

With a flow towérd the probe, the dependence of electron dynamics
on various processes 1s examined by observing the dominant terms in
the governing equation'at various distances from the ﬁrobe. Four re-
gions have been identified; they are:the unperturbed outer region, the
convection-mobility dominant region, the mobility dominant region{ and
the diffusion mobility region. A simple drift velocity model is pro-
posed. The location of varjous regions was determined by considéring
the relative magnitude of the convection velocity and electron drift
velocity. Electrom density variation in the convection-mobility re-
gion, based on a simple numerical computation of the trajectory of the
electrons inside this region, has been found to be negligible. The
D-region blunt probe data also showed thaﬁ the diffuéion layer is not
a relevant concept since this layer was found ta be thinner than orl
comparable to the electron-neutral mean free path at the corresponding
altitudes. This difficulty was overcome by replacing the diffusion
layer with a collisionless surface layer in the calculation scheﬁa..

The final result of this drift velocity model, which is now

reduced to a purely mobility concept model is

I = 3.5x 10° © ™ 401 Ve

e
ap
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This expression is essentlally identical to that obtained for a sta-
tionary probe based on experimental data. The similarity of the two
solutions is simply due to the fact that both the drift velocity mo~
del, and the zero velocity model depends only on the mobllity concept.

The electron~neutral mean free path.is larger than the pfobe
radius for altitﬁdes above 65 km. Above this altitude, only the col-
lisionless surface layer needs a slight modification in the computation
scheme for electron density ratlo, to account for the edge effect. The
above continuum theory begins to deteriorate at 70 km and collapse at
about 80 km due to the failure to meet the constraints imposed during
the development of the model. In general, the new electron densiﬁy pre-
dicted by the drift veloeity is considerably lower than previous reéults
below 60 km and increases steadily above this altitude.

A collisionless theory based on the thin sheath concept was also
discussed for higher altitudes. The descending velocity of a parachute-
borne blunt ptobe is hypersonic between the altitudes ranging from 300
km to 80 km. For a positively biased probe, the convection velocity of
the electron can be neglected compared to its thermal velocity at the
sheath edge. A thin sheath solution is thus applicéble in the collision-
less regime. Flectron density obtained by the collisionless theory in
the transition regime (70 -~ 90 km} predicts values that are considerably

higher than those predicted by continuum theory.

7.2 Suggestions for Further Research

On the basis of the work done here, further research would be fruit-
ful in the following areas:

(a) The absolute values electron current to the probe are not

included in the given data. A successful



(b)

(c)

(d)

(e)

i19

attempt to obtain the current will allow an electron data
reduction by the current equétion which can serve as a

check to the present prediction.

Extension of the foregeing analysis to include the geomag-
netic effect on the electron dynamics in variousllayersa
Investigation of thé feasibility of using a parachute-~borne
epherical probe, The spherical probe theory in a quiscent
plasma in all three regimes, (continuum, transitional and.
collisionless), has been fairly well explored. A perturba-
tion technique should not be too difficﬁlt to set up to
account for the pfesently descending probe.

Investigation to obtain reliably the probe potential at which
measurements are made. |
Labhoratory measurements of the mobility and the diffusion
goefficient of the D~region dominant ions are needed for a
better ionic data reduction. A larger range of E/p with the
electron drift wvelocity in a.D—region simulated environment

will give a better prediction of the electron density.
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APPENDIX A

SOLUTION OF THE ELECTRIC BOUNDARY LAYER EQUATION
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The negative ion electric boundary layer dimensional equation

from Eq. (4.2.12) is

2

d an

3.“.—+ on_ b= . De W -
Pugx TPV TP 2y kT, ° oy By (A.1)

with electric field given by

w_ %
dy Ta (A.2)

and the boundary conditions
n_(y=o)=20 : {A.3a)
a_(y=®) =0  (A.3D)

where n_ 1s the negative ion density, tu, v) is the flow velocities in-
side the electric boundary laver, D is the ioq diffusion coefficient,
p 1s the neutral gas density, e is the electron-charge; Te is the
electron temperature, k is the Boltzman constant; vw is the potential
of the prove, and A is the ratio of the mnegative ion density and eléc—
tron density with both density evaluated far away from the probe.

The flow velocity (u, v) naturally is governed by the viscous

boundary layer momentum equation which is

Yu w1 My 8l

“ T V3 "0 b ix - (A.4)

where v 1s the kinematic viscosity and uy ig the 1ﬁviscid étagnation
point flow velocity which is a linear function 6f the distance x from

stagnation point (52), that is
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ubﬂrgx o (AaS)

‘ where g, the velocity gradient, experimentally determined, 1s avail-

able in the literature (53).

Assuming that the density and viscosity are invarient, the Lees-
Dorodnitsyn transformations, available in standard text (54), are |
used to reduce Eq. (A.l) into an ordinary differemtial equation. The

transfarmations are

X 2

&
g(x) = pzv S w, x2 dx = E——-}iﬂ}“ (A.6a)
o
2 X
pu, x 3
n{x,y) = —— dy = B8 XY
eot? ) T eall? (A.6b)

where N is often referred to as the boundary layer coordinate.

The usual stream function v is also nondimensionalized as

fod_
V28 (A.7)
and
_g_% = pur (A.8a)

where Y, the radial distance from the center of symmetry, equals to x in

the present case. After some algebraic manipulation (54}, we obtain

some useful operators.
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where prime represents differentiation with respect to 1.
Substitute the operators into Eq. (A.l), and after some cancella-

tion, we obtain

b

" T _.?.:.EY_ 1 )1/2. .
.o+ Sc fn '_( KT By ) (ZReg_ n'=0 (4.10)

2
where Res = E%—

Remembering that we are considering the region inside the thin
electric boundary layer, the field essentially is a constant and is

given by Eq. (A.2). Thus the coefficient

kTé dy { | 2Res

igs s dimensionless constant. The boundary conditions are

n (M=o0)=0 | (A.11a)

o (n =) = n-

o {A.11b)

The solution of Eq. (A.lQ) is
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. ; n n ,
p-{(n) = o (1)5 exp[S (b-Scf) dn"| dn
¢}

o (A.12)
. Substituting Eq. (A.1l1lb) into Eq. (A.12), we have
’ o,
n. (o) = poy T - )
5 exp[s (b-Scf) dn"] dn
o o (A.13)

Applying the same transformation to the momentum equation, Eq.

{A.4) we obtain

. d
w28 o2
f 4+ If b 1o [(£)Y" -1} (A.14)

Dropping the pressure term, an approximation which has been made

by Talbot {20} and Sonin (26), we obtain
£ + £ £ =0 | (A.15)
with boundary conditions
£(6) = £'(0) = 0 © (A.163)
f£P(w) = 1 (A.16b)

Now, the numerical solution of Eq. (A.1l5) shows that the approxi-
mate solution £ = n, which always overestimates the true value of £
elightly, is a good approximation. It allows an explicit amalytilc
solution that will reveal the relative importance of the flow and

electric field effect. With this simplification, Eq. (A.13) becomes
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| 1.5.1 D-Regian i.5.1 D-Region
Blunt probe theory for subsonic flow in a weakly ionized and colligienal
] gas is reviewed, and an electron collection theory for the relatively unexplored
case, Ap/L ~ 1, which occurs in the lower ionosphere (D-region), is develaped.
It is found that the dimensionless Debye length (Ap/L) is no longer an
electric field scTeening parameter, and the space charge field effect can be
neglected. For ion collection, Hoult-5onin theory is recognized as a correct
description of the thin, ijon density-perturbed layer adjacent to the blunl prahe
surface.
The large volume with electron density perturhed by a pasitively blased
probe renders the usual thin boundary layer analysis inapplicable. Thcories
I relating free stream conditions to the electran collection rate [or both atationary

gas iy reviewad, and an electron callection theory for the relatively unexplored
case, Ap/L ™~ 1, which occurs in the lower ionasphere {D-region), is developed.
It is found that the dimensionless Debye length (kDJ’L) is no longer an
electric ficld screening parameter, and the space charge field affact can be
neglected. For ien collection, Hoult-Sonin theory is Tecognized as & corract
description of the thin, ion density-pertarbed layer adjacent to the blunt probe
surface.
The large volume with clectron density perturbed by a positively biased
probe renders the usual thin boundary layer analysis inapplicable. Theortes
relating free stream conditions to the electron collection rate for both statianary
and moving blunl probes are ohtained. A model based on experimental nanlinear
elactran dArift velocity data is proposed. For:a subsonically moving probe, it is

Blunt probe theory for subsonic flow in a weakly ionized and collisiconal |

and maving blunt probes are obtained. A medel based on experlmental nonlinear
electran drift velocity data is proposed. For a subsonically moving probe, it is

found that the perturbed regioh can be divided into four regions with distinct col- found that the perturbed region can be divided into four regions with dislinct col - 0

| lection mechanisms. Since hy _ , * Lfdy,, the diffusion layer cancept is irrele- lection mechanisms, Since My _  * L/¢y,, the diffusion layer concept is irrele-
vant for alectron collection, and is replaced by a collisjonles# layer. The electron vant for electran collection, and 13 replaced by a collislonlcss layer. The electron %
current expressions for both stationary and moving probes are found te be current expressions for bath stationary and moving probes are found to be Q
approximately identical, The electron denaity predicted by this analysis is lower approximately identical. The electron density predicted by thls analysis is lower . \
in magnitude than the earlier calculations below 60 km, and is found to be higher in magnitude than the earlier calculations below 60 km, and is found to be higher j /
dbove thia altitude. This continuum theory is valid up ta 80 km. above this altitude, This continuum theary is valid up to 80 km.
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Lai, Thomas Wai-Kwong, Electron Collection Theory for a D-Region Subsanic
Blunt Electrostatic Probe, The [onosphere Rescarch Laboratary,
Electrical Engineering East, University Park, Pennsylvania, 16802, 1974.

Blunt probe theory for subsonic flow.ina weakly ivnized and collisional
pag is reviewed, and an electron cellection theory for the relatively unexplored
case, Ap/L ~ 1, which ecoutrs in the lower ionoaphere (D-region), is developed.

1t is found that the dimensionless Debye length (Ap/L) is no longer an
electric field screening parameter, and the space charge field effact can be
neglected. For ion callection, Hoult-5onin theory is recognized as a correct
description of the thin, jon density-perturbed layer adjacent to the Blunt probe
asurface.

The large volume with electron density perturbed by a posilively bianed
probe renders the usual thin boundary layer analysis inapplicable. Theories
relating free stream conditions to the electron collection rate for both stationary
and moving blunt probes are obtained. A model based on experimental nonlinear
electron drift velocity data is proposed. For a subsonically moving probe, it is
found that the perturbed region can he divided into four regions with distinct col-
lection mechaniems. Since X, _,, > L/, the diffusion layer concept is irrele~
vant for electron collection, and is replaced by a collisionless layer. The electron
current expreusions ot hoth statlonary and moving probes are found to be
approximately identical. The clectron density predicted by this analysis is lower
in magnltude than the earlier calculations below 60 km, and is found ta be higher
above this altitude. This continuum theary is valid up to 80 kms
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Lai, Thomas Wai-Kwong, Eiectron Coliection Theory for a D.Region Subsonic
Biunt Electrostatic Prabe, The lonosphere Research Labaratory,
] Electrical Engineeriag East, University Park, Pennsylvania, L6802, 1974.

Blunt praobe theary for subsonic flow in a weakly ionized and collisicnal
gas ia reviewed, and an electron collection theory for the relatively unexplared
cage, Ap/L ™ 1, which occura in the lower ionosphere |D-region), is developed.

It is found that the dimensjonless Debye length (.\DJ‘L) is no longer an
electric field screening parameter, and the space charge field effect can be

lneg]ectec_l. Far ion collection, Hoult-Sonin theory is recognized as a correct
description of the thin, ion density-perturbed layer adjacent te the blunt probe
surfice. .

[ The large volume Wwith electran density pertutbed by a poaitively biased
prabe readers the usual thin boundary layer analysis inapplicable, Theories
relating free stream conditions to the electron collection rate for both statienary

l and moving blunt probes are oblained. A moedel based on exparimental nonlinear

electran drift velocity data is proposed. For a subgonically moving probe, it is
found that the perturbed region can be divided into four regions with distinct col-

I lection mechanisms. Since k. _ , » L,’¢w , the diffusion layer cancept is irrele-
vant for electron collection, and is replaced by a collisionles# layer. The electron
current expressions for both stationary and moving probes are found to be
approxirnately identical, The electroo denaity predicted by this analysis ta lower
fa magnitude than the earlier calculationa below 60 km, and is found to be higher

above this altitude, This continuum theory is valid up to 80 km.
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Lai, Thomas Wai-Kwong, Electron Gollection Theory for a D-Region Subsonic
Blunt Electrastalic Prohe, The lonesphere Redearch Laboratory, cl ification Numb. .
Elecirical Enginesring East, University Park, Pennsylvania, 16802, 1974. ausitication Nurmber s:

1.5.1 D-Region

Blunt probe theory for subsonic flow in a weakly ionized and collisional
gas is reviewed, 2and an electran collection theory for ithe relatively unexplored
case, XDIL ~ 1, which sccurs in the lower ionosphere (D-region), is develaped.

It is found that the dimcnsionless Debye length {Ap/L) is no longer an
electric field acreening parameter, and thc space charge field effect can be
negiecled. For ion collection, Hoult-Scoin theory is recognized as a correct
description of the thin, jon density-perturbed layer adjacent to the blunt probe
surface.

The large volume with eleciran density perturbed by a positively biased
probe renders the usual thin boundary layer analysis ihapplicable. Theories
rclating free stream conditions te the electran collection rate for both statisnary -
and maving blunt probes are obtained. A model based on experimental nonlinear
electron drift veloeity data is propesed. For a subsonically moving probe, it is
found that the perturbed region can be divided into four regions with distinct col-
lection mechanisms. Since k, _ , > L/dy, , the diffusion layer concept is irrele-
vant for slectron collection, and is replaced by a collisionless layer. The elsctron
current expressions far both stationary and moving probes are found ta be
approximataly identical, The electron density predicted by this analysis ls lower
in magnitude than the earlicr calculations below 60 km, ‘and is found te be higher
above this altitude. This continuum theory is valid up to 30 km.

Lai, Thomas Wai-Kwong, Electron Gollectivn Theory for a D-Region Subsenic
Blunt Electraostatic Proba, The lonosphere Regcarch Laboratory, cer s .
Electrical Engineering East, Universlty Park, Pennsylvania, 16002, 1974, C[2BSification Numbers:

1.5.1 D-Region
Blunt probe theory for subsonic flow in a weakly fonizcd and collisional
gas i3 reviewed, 'and an electiron collection theory for the relatively uwnexplored
vase, ApfL ~ 1, which occurs in the lawer ionosphare ID-region), is developed.
It is found that the dimensionlcss Debye length (ApfL} i5 00 longer an
electric field screening parameter, and the space charge field effcct van be
neglected. For ion collection, Lioult-Sonin theoty is recognized ax a correct
description of the thin, ion density-perturbed layer adjacent to the bluni probe
gurface.
The large volume with electron denaity perturbed by a positively biared ) —
probe renders the usual thin boundary layer analysis inapplicable. Thecories
relating free stream conditions io the electron collection rate for bath alationary .
and moving blunt probes zre cbrained. A madel based gn cxperimental nonlinear
electron drift velacity data is proposed. For-a subsonically maving prebe, it is !
found that the perturbed region can be divided into four regions with distinct col-
lection mechanisms. Since h, _,, > L/dy,, the diffusion layer concept is irrels-
vant fer eleciron cellection, and is replaced by a collisionless layer. The electron
current expresgions for both stationary and meving probes are found to he
approximately identical. The electron density predicted by this analysis is lower
in magnitude than the earlier caleulations below 60 km, and is found to be higher
above this altitudc. This continuum theory is valid up to 80 km.
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